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^ Abstract: Ordered mesoporous metal oxides (OMMO) Sn02 with large surface areas and highly crystalline frameworks were
successfully synthesized via nanocasting routes using 3D cubic ordered mesoporous silica KIT-6 templates. The chemical and
structural properties of these materials were characterized bymeans of XRD, N2 adsorption-desorption SEM andTEM analyses. The
present work revealed thatthemesoporous Sn02 materials exhibited well-defined and long-range periodic orderofmesopores aswell
as highly crystalline frameworks, indicating successful replication from the mesoporous KIT-6 silica templates. Moreover, these
materials demonstrated high surface area of109 m^/g and high pore volume of0.22 cm'/g as well as large pore size of6.2 nm. Hence,
thenanocasting route offers a versatile and simple way ofcreating ordered mesoporous Sn02 with enhanced properties thatmay have
potentialapplications in the fieldofcatalysisand gas-sensing.
Key words: Mesoporous material, metal oxide,nanocasting, Sn02, KIT-6silica.
1. Introduction
Since the discovery ofordered mesoporous materials
in 1992 [1], interests in the research field have
tremendously expanded, especially with regards to
their syntheses and structural characterizations. The
imique properties of ordered mesoporous materials
such as high surface area and uniform pore size as well
as tuneable pore structure, geometries and
compositions have attracted more attention in various
applications. Recently, the research direction of these
materials has been shifted from silica-based materials
to non-siliceous metal oxide materials, which are
expected to be more useful for a wide range of
applications such as catalysis, adsorption, separation,
electrochemical,electronic and optical device [2-5].
Soft templating method, which employs organic
surfactants as structure directing agents has been
Corresponding author: Mohamad Zailani Abu Bakar,
Ph.D., associate professor, research fields: process safety and
modelling, environmental. E-mail: chmohdz@usm.my.
effectivelyused to synthesizemesoporous metal oxides
with improved long-range orders. However, many
mesoporous metal oxides prepared from this method
give a lot of disadvantages, such as amorphous
inorganic walls, poor mesoporous structure and
thermal instability during the removal of organic
templates. The amorphous pore walls of most
mesoporous metal oxides, which have poor thermal
and mechanical stability, restrict the range of
applications of these materials [6]. Crystallized wall
structure is expected to provide better thermal and
mechanical stability as well as superior electric and
optical properties [7]. The crystallization and
crystallinity ofmesoporousmetal oxides have therefore
fascinated many attentions.
An altemative way to produce mesoporous metal
oxides is via the nanocasting method (Fig. 1), where
mesoporous silica materials are utilized as the hard
templates [8]. Typically, a precursor solution for the
targeted metal oxide is infiltrated intothemesopores of
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Fig. 1 Schematic illustration of the nanocasting route.
Adapted from Ref. (4j.
the silica templates. After drying the solvent, the
composite isheated ata certain temperature in order to
convert the precursor into oxide. The silica template is
finally removed by chemical treatment using
hydrofluoric acid (HF) or sodium hydroxide (NaOH),
yielding mesoporous metal oxides as its negative
replica. This approach provides the opportunity to
prepare mesoporous metal oxides with promising
properties due to high crystalline frameworks, high
specific surface areas, regularmesopore arrangements
and thermally stable. The first example of porous
crystals of metal oxides that have been successfully
synthesized via this method was demonstrated byZhu
et al. in 2003 [9].To date, many publications related to
the porous crystal ofmetal oxides have been reported.
Among various metal oxides, SnOa with awide band
gap (Eg= 3.6 eV) is one ofthe most attractive materials
in the applications of gas sensing, catalysis, energy
conversion and optoelectronic materials [10]. Sn02 in
the form of mesoporous structures can be a promising
candidate for these applications because they retain
large specific surface areas and provide efficient gas
transport through highly organized pores of2-50 nm in
diameter [11]. However, there are still inadequate
studies that focus on the crystalline stnictures of these
materials, since many applications require crystalline
materials. Thus, it would be advantageous to
synthesize ordered mesoporous Sn02 with desired
crystalline frameworks.
In the present work, aseries of ordered mesoporous
SnOa materials have been synthesized via nanocasting
route using three-dimensional (3D) cubic ordered
mesoporous silica (KIT-6) as ahard template. To the
best of our knowledge, for the first time, tin (II)
chloride dehydrate used as a metal-containing
precursor has been introduced into the silica KIT-6
pores by a "vacuum assisted" impregnation method.
Through this method, large surface area and highly
ordered mesostructure with a crystalline framework of
mesoporous Sn02 material has been obtained. The
quality of the 3D cubic silica KIT-6 template and its
replicated Sn02 material has been evaluated and
characterized. The successful structure replication of
Sn02 material from KIT-6 template will be discussed
in detail in the next section.
2. Materials and Methods
2.1 Chemicals
Triblock copolymer (Pluronic P123 (MW) 5800,
EO20PO70EO20) was purchased from Aldrich
Corporation. Tetraethylorthosilicate (TEOS, 98%), tin
chloride (SnCl2-2H20), sodium hydroxide (NaOH),
hydrochloric acid (HCl, 37%), n-butanol (n-BuGH)
and ethanol (C2H5OH) were obtained from Merck. All
chemical reagents and solvents were of analytical
grade and used without further purification. Distilled
and deionizedwater was used throughout this work.
2.2 Synthesis of theHard Template
Cubic ordered mesoporous silica KlT-6 was
synthesized in acidic conditions according to a
previous reported procedure with a slight
modification [12]. In a typical synthesis procedure, 5 g
of Pi23 was dissolved in 180 mL distilled water and
10 g ofconcentrated HCl. The mixture was stirred for
3 h at 35 °C and then 5 g of n-butanol was added with
continuous stirring for another hour. After that, 11 g
of TEOS was added and stirred for 24 h at the same
temperature. The resulting mixture was then aged in oil
bath for 24 h at 80 °C under static condition
(hydrothermal treatment). Finally, the white solid was
recovered by filtration, washed with deionized water
and dried overnight in an oven at 100 °C. Thereafter,
the products were calcined in air at 500 °C for 6 h at
a heating rate of 2 °C min"' in order to remove the
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For the synthesis of the mesoporous SnOi, KIT-6
silica template was used as a template and performed
according to the "vacuum assisted" impregnation
method as reported previously by Liu and
coworkers [13]. Typically, 2 g of KIT-6 and 3.25 g of
SnCl2'2H20 were dispersed in 50 mLof ethanol. After
1 h of stirring, ethanol was removed through
evaporation byheating the mixture at50°C and 0.1 bar
)i a vacuum oven for 6 h. The resulting powder was
then calcined in a furnace at a heating rate of2 °C/min
from room temperature to 450 °C and -maintained at
this temperature for 3 h until all chloride species was
completely decomposed. The impregnation and
decomposition stepswererepeated, following the same
conditions in order to achieve higher loadings. Finally,
the silica template was removed at room temperature
using a 2 M NaOHaqueoussolutionfor 3 h. The Sn02
materials were then recovered by centrifugation,
washed twice with water and dried at 100 °C overnight.
Reproducibility of the preparation was checked by
repeating the synthesizing procedure for several
batches.
X4 Material Characterization
Small-angle and wide-angle powder X-ray
difjfraction (PXRD) patterns were recorded using a
Bruker AXS D8 ADVANCE and Philips PW 1710
diffractometer equipped with Cu Ka X-ray source at
30 kV and 40 mA, respectively. Scanning electron
microscope (SBM) images were taken by means of a
Quanta FEG450 microscope operating at an
accelerating voltage of 5 kV under hi^ vacuum.
Transmission electron microscope (TEM) images were
obtained using a FEI/Philips CM 12 microscope with
an acceleration voltage of 80 kV. Nitrogen
adsorption-desorption isotherms were measured using
a Micromeritics ASAP 2020analyzer at liquidnitrogen
temperature (77 K). Prior to the analysis, the samples
were degassed at 300 °C in vacuum for 8 h. The
Brunauer-Emmett-Teller (BET) specific surface area
was calculated using the adsorption data in a relative
pressure (P/P©) range from 0.05 to 0.3, and the total
pore volume was detennined from the amount
adsorbed at P/P© = 0.98. The pore-size distribution
curve was calculated based on the desorption branch of
the isotherm using the Barrett-Joyner-Halenda (BJH)
method. Theporediameter is defined as the position of
the maximum peak in the pore-size distribution.
3. Results and Discussion
3.1 XRD Analysis
Fig. 2a shows the small-angle PXRD patterns of the
mesoporous silica KIT-6 template and the respective
template-free mesoporous Sn02 material obtained
from the nanocasting route. The XRD patterns
indicate that the mesostructure of Sn02 material is
quite similar to that of KIT-6 silica. The mesoporous
silicaKIT-6 present the 3D cubic(Ia3d) mesostructure,
which can be indexed to [211], [220], and [321]
reflections as shown in Fig. 2a. The obtained
template-free mesoporous Sn02 clearly show
well-resolved diffraction peak at [211] reflection,
indicating that the pore symmetry was successfully
replicated. However, the mesoporous Sn02 material
exhibited a somewhat broader and less well-resolved
diffraction peak at [321] reflection, which indicated a
slightly lower overall mesostnictural order as
frequently foxmd in nanocasted materials [2, 14]. The
unit-cell parameter of the mesoporous Sn02 material
calculated from the position of the [211] reflection is
about 22.5 nm, which is in fair agreement with the
value of 23.3 nm for the mesoporous silica KIT-6
template as shown in theTable 1.
The wide-angle PXRD patterns of the Sn02/KIT-6
composite and the template-free mesoporous Sn02
material are illustrated in Fig. 2b. It can be seen that
the framework structures for both samples are highly
crystalline and display well-resolved diffraction peaks
for Sn02nanocrystals that can beindexed toa tetragonal
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Fig. 2 (a) Small-angle PXRDpatterns of mesoporous silica
KIT-6 template and template-free mesoporous SnOj
material, (b) Wide-angle PXRD patterns of Sn02/KIT-6
composite and template-free mesoporous SnOj material.
Table 1 Structural properties of as-prepared mesoporous
samples.
Sample /^IT v / ^ 3,
^ (m^R) (cm7E
Silica ^
template
SnO;/ KIT-6 q25
composite
Sn02 material 109 0.22
\=d2iiV6, -W = ao/2-D.
(nm) (nm) (nm) (nm)
5.3 9.5 23.3 6.3
265 0.25 4.8 9.4 23.0 6.7
6.2 9.2 22.5 5.1
cassiterite structure [15] (JCPDS No.: 41-1445,
P42/mnm). All the XRD patterns show broad peaks,
and there are no major differences before and after the
silica removal as reported by Shon et al. [16]. These
results indicated that the frameworks of Sn02 material
were formed within the confined mesopores of KlT-6
silica during the infiltration process in vacuum
condition, and the nanostructured frameworks formed
were maintained even after the silica removal. Tlte
average crystalline domain sizes calculated using the
Scherrer equation were estimated to be 4.9 nm and
5.3 nm for the Sn02/KJT-6 composite and template-free
mesoporous SnOa material, respectively, which were
comparable to the pore sizes of KIT-6 silica templates.
Moreover, there were no features of SiOa or NaOH
diffraction peaks found in the Sn02 material after the
leaching process, which suggested a successful
removal of silica and no reaction occurTed between
either the silica or sodium with the SnOa material.
3.2 N2Adsorption-Desorption Analysis
The mesostructure of the SnOa material was further
confirmed in the N2 adsorption/desorption analysis.
Fig. 3a shows the N2 adsorption-desorption isotherms
of the mesoporous silica KIT-6 template, Sn02/KIT-6
composite and the corresponding template-free
mesoporous SnOa material. It can be observed that the
mesoporous silica KIT-6 template and Sn02/KIT-6
composite show a type-IV isotherm with HI
hysteresis. The gradual filling of the silica pores with
Sn02 is confirmed by a significant decrease in the
amount of the adsorbed nitrogen volume. The
template-free mesoporous Sn02 material exhibited
type-IV isotherms with a capillary condensation step
occurring in the relative pressure (P/Po) range of
0.6-0.9. This indicates that the mesostructure of Sn02
material exhibited well-defined and confirmed the
existence of uniform mesopore in their structures.
The pore size distributions of the mesoporous silica
KIT-6 template, Sn02/KIT-6 composite and the
corresponding template-free mesoporous Sn02 material
calculated from the desorption isotherm by the BJH
method are depicted in Fig. 3b. Narrow pore size
distributions of the mesoporous silica KIT-6
template and the respective Sn02/KIT-6 composite was
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Fig.3 (a) Na adsorption/desorption isotherms and (b) the
corresponding BJH pore size distribution curves of
mesoporous silica KIT-6 template, Sn02/KIT-6 composite
and template-free mesoporousSn02 material.
with diameter of~5 nm are observed. As shown in Fig.
3b, the highest peak does not significantly shift from
KIT-6 silica template to Sn02/KIT-6 composite,
indicating that the growth of SnOa crystals occurred
predominantly along the pore axis. However, the
template-free mesoporous Sn02 material demonstrated
dual porous structures (~6 nm and ~ 11 nm). The first
is expected from the, KIT-6 silica framework (~6nm)
after the replication process, and the second (~ 11 nm)
might be generated by the structural transformation
from die cubic Ia3d mesostructure to the tetragonal
I4i/a (or lower) mesostructure [16].
The surface and structural properties including BET
specific surface area (Sbet), total pore volume (Vj),
pore size (D), d spacing at [211] reflection (d2ii), unit
cell-parameter (ao) and porewall thickness (W) of the
samples are listed in Table 1. The mesoporous silica
KIT-6 template exhibited asurface area of755 mVg, a
total pore volume of 0.94 cmVg and a pore size of
5.3 nm, while the Sn02/ KIT-6 composite showed a
much smaller surface area and a total pore volume of
265 mVg and 0.25 cm^/g, respectively. The pore size,
however, onlyslightly decreased to 4.8nm.This is due
to the vacancies that reappeared in the pore which was
previously filled with the precursor solution after the
crystallization of Sn02 material. The template-free
mesoporous Sn02 material displayed a surface area of
109 niVg, atotal pore volume of0.22 cmVg and apore
sizeof 6.2nm,which areconsistent withthosereported
earlier [15-17]. The decrease insurface area aswell as
total pore volume of the Sn02/KIT-6 composite and
template-free mesoporous Sn02 material in
comparison with mesoporous silica KIT-6 templates
were due to both the crystalline nature of the oxide
materials as well as their higher bulk densities [18].
Theoretically, the pore size (D) of the nanocasted
material should be the same as the pore wall thickness
(W) of the structure template and vice versa [19]. In
the present study, the calculated wall thickness of
mesoporous silica KIT-6 template and the
corresponding template-free mesoporous Sn02
material are 6.3 and 5.1 nm, respectively. It can be
noticed that the pore wall thickness of mesoporous
silica KIT-6 template is verysimilar to theporesize of
mesoporous Sn02 material of 6.2 nm. This suggested
that the filling of silica KIT-6 pores with Sn02
material has been successfully completed.
3.3 SEM and TEMAnalysis
Figs. 4a-4f show representatives SEM and TEM
V ' /
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Fig. 4 SEM and TEM images of mesoporous silica KIT-6
template (a, b), Sn02/KIT-6 composite (c, d) and
template-free mesoporous SnOj material (e, f).
Images for the mesoporous silica KJT-6 template,
composite material and the corresponding
template-free mesoporous Sn02 material. It can be
clearly seen that the SnOj/KIT-b composite and
template-free mesoporous Sn02 material are very
similar to those of mesoporous silica KIT-6 template
and exhibited uniform particle morphologies. The
template-free mesoporous Sn02 material demonstrated
well-defined, long-range, periodic and ordered
mesopore as well as highly crystalline framework,
indicating the successful replication from the
mesoporous silica KIT-6 template. These results
coincide with the data of PXRD patterns and N2
adsorption-desorption isotherms.
4. Conclusions
Mesoporous Sn02 material has been successfully
nanocasted from mesoporous KIT-6 silica template
withlargesurface area,periodically ordered and highly
crystalline framework via nanocasting route. The
mesopores of silica templates could be infilti'ated
merely by stirring them with tin precursor (SnCl2'2H20
in ethanol solution followed by evaporation of ethanol
at 50 °C in vacuum condition. The mesostructures and
morphologies of the silica KIT-6 templates are
basically maintained in the mesoporous SnOamaterials
after the template removal. This nanocasting route is
able to be exploited as a facile method for the
preparation of mesoporous Sn02 created with
periodically ordered and highly crystalline framework,
which has good potentials for various practical
applications such as catalysis and gas sensing.
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Abstract
Ordered mesoporous Sn02 and mesoporous 5.0 wt.% La-loaded SnOa materials have been
successfully synthesized via a simple and effective in situ nanocasting route using the three-
dimensional (3-D) bicontinuous cubic mesoporous silica KIT-6 as template. The replica
materials were characterized by SAXRD, WAXRD, N2 adsorption-desorption, SEM and
TEM. The results of characterization revealed that the Sn02 and 5.0 wt.% La-Sn02 present
well-defined and ordered cubic mesoporous structures, tetragonal structure of Sn02 with
highly crystalline frameworks, large surface areas and the existence ofLaelement. The gas-
sensing performances of ordered mesoporous Sn02 and mesoporous 5.0 wt.% La-Sn02 in
detecting ethanol (C2H5OH) vapour were also investigated. The sensor utilizing mesoporous
5.0 wt.% La-Sn02 exhibited fast responses and outstanding sensitivities as compared to
mesoporous Sn02. The maximum sensitivity of~ 39 with response time below than 10 s was
achieved bymesoporous 5.0 wt.% La-Sn02 sensor towards 500 ppm C2H5OH at anoperating
temperature of 300 °C.
Keywords-. C2H2OH sensor; Mesoporous Sn02; La additive; Nanocasting, silica KIT-6
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1. Introduction
Semiconductor-based gas sensors have attracted much attention due to their applications
in medical diagnosis, environmental monitoring, personal safety, and national security [1-3].
Up to now, extensive foundational and technological efforts have been dedicated to fabricate
perfect gas sensors based various semiconducting metal oxides. Among ofthem, tin dioxide
(Sn02), as an n-type semiconductor has been considered as a promising sensing material for
both reducing and oxidizing gases, such as H2S, C2H5OH, CO and NO2 [4-6].
Recently, mesoporous metal oxide materials have attracted increasing focus for gas
sensing applications owing to their increased specific surface area, pore volume, and the
density of surface activity sites [7, 8]. Varieties of techniques and methods have been
employed to synthesize such materials [9-11]. Among of them is nanocasting which is a
simple and versatile method that has stimulated greatest interest because it can withstand the
higher temperature processing, which is in favour ofthe crystallization ofmetal oxides [12-
14]. However, to the best of our knowledge, few investigations on the Sn02 sensing
properties ofmesoporous oxides synthesized by nanocasting have been reported.
Herein, we reported a simple and effective method for ordered mesoporous La-loaded
Sn02, which was successfully controlled in both nanometer (meso-structure) and micrometer
(morphology) scale.
2. Experimental
2.1 Synthesis of mesoporous silicaKIT-6
The 3D cubic mesoporous silica KIT-6 with laid symmetry was synthesized in acidic
conditions according to the procedure described by Ryoo and co-workers [15] with a minor
modification. Typically, 5.0 gofP123 was dissolved in 180 mL distilled water and 10.0 gof
concentrated HCl. The mixture was stirred for 3 h at 35 °C and then 5.0 g ofn-butanol was
added with continuous stirring for another hour. After that, 11.0 g of TEOS was added and
stirred for 24 h at the same temperature. The resulting mixture was subsequently aged in oil
bath for 24 h at 80 °C under static condition (hydrothermal treatment). Finally, the white
solidwas recovered byfiltration, washed withdeionized waterand dried overnight in an oven
at 100 °C. Thereafter, the powder was calcined in air at 500 °C for 6 h at a heating rate of 2
°C/mm in order to remove the organic template.
2.2 Synthesis of ordered mesoporous SnOi and La-loaded SnOi
Synthesis of ordered mesoporous La-loaded Sn02 using the above silica KIT-6 as hard
template was performed according to the method reported previously byLiu et al. [16] intwo
stages infiltration step. Tin chloride dehydrate (SnCl2.2H20) and lanthanum nitrate
hexahydrate (La(N03)3.6H20) wereused as the precursors for Sn02andLa, respectively. In a
typical synthesis procedure, 2.0 g of KIT-6 silica was dispersed into 50 mL of ethanol
containing 3.25 g of SnCl2.2H20. After 3 h of stirring at room temperature, the ethanol was
evaporated offby heating the mixture at 50 ®C ina vacuum oven (<0.1 bar) for 6 h. During
the vacuum assisted evaporation process, the tin precursor was drawn into the pores by
capillary action. The resulting powder was then calcined in a fiimace at a heating rate of 2
°C/min from room temperature to 450 °Cand maintained at this temperature for 3 h until all
chloride species was completely decomposed. In the second infiltration step, similar
infiltration procedure was used, except for the precursor composed of SnCl2.2H20 and
La(N03)3.6H20 mstead of pure SnCl2.2H20. 3.25 g of SnCl2.2H20 and 5.0 wt.% of
La(N03)3.6H20 were added to the powder and dispersed in 50 mL of ethanol. After 3 h of
stirring and evaporated offthe ethanol, the second calcination was performed at 450 °C with
the same heating rate of2 °C/minfor 5 h.
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Finally, the silicaKIT-6 template was removed using a 2 M NaOH aqueous solution for
24 h at room temperature. The leaching process was repeated to ensure the complete silica
removal. The resulting materials were then recovered by centrifligation, washed with
deionized water several times and dried at 60 °C overnight. For comparing, pure mesoporous
Sn02 wasalsoprepared according to the above method, without anydoping.
2.3 Material characterization
Small-angle X-ray diffraction (SAXRD) patterns were acquired using a Panalytical
X'Pert Pro diffractometer in the 0.5-5° 20 angular range operating in transmission mode
using Cu Ka radiation. Wide-angle X-ray diffraction (WAXJO)) patterns were collected on a
Philips X'Pert diffractometer in the 20-80° 20 range (step size = 0.03°, step time = 10 s)
using Cu Ka radiation. Brunauer-Emmet-Teller (BET) specific surface area analyses were
performed using a Micromeritics ASAP 2020 instrument. Nitrogen adsorption-desorption
isotherms were recorded at 77K after degassing the powders at 350°C for 8 h. Thetotalpore
volumes were estimated at a relative pressure of 0.98. The pore size distributions (PSDs)
were derived from the desorption branches of the isotherms using the Barrett—Joyner—
Halanda (BJH) method. The pore sizes were defmed as the position ofthe maximum peak in
the PSDs.
The microstructure and morphology of the materials was investigated by scanning
electron microscopy (SEM) using a Quanta FEG450 microscope with an acceleration voltage
of 15 kVandtransmission electron microscopy (TEM) using a FEI/Philips CM12 microscope
operated at 300 kV. For SEM characterization, the powders were spread onto a silicon
substrate and directly imaged under the electron beam. Samples for the TEM observations
were prepared by dispersing a small amount ofpowder in ethanol and then one or two drops
ofthe suspension were placed dropwise onto aholey carbon-supported grid.
2.4 Sensor preparation and measurement
The obtained powder (~ 500 mg) was mixed and ground with 0.45 mL of Triton X-100
to form a homogeneous paste, and then it was deposited on a commercial alumina plate
substrate (15 mm x 15 mm xl mm) with a pair of Cu electrodes by drop-coating (the
thickness of the sensing material is about 200 pm). Pt lead wires attaching to the Cu
electrodes were used for connecting with the measurement unit. After drying at room
temperature for 2 h, the alumina plate substrate was sintered at 500 °C for another 3 h to
remove the organic adhesive and to ensure the adherence of the film sample to the alumina
surface.
The gas-sensing performance was measured in gas-mixing chamber equipped with
standard mass-flow controllers, heater, electrometer instrument (Keithley 6517A) and
computer as reported previously by Bakar and co-workers [17, 18]. At first, purified air was
purged into the chamber at an operating temperature of 150 °C. When the operating
temperature in the chamber was stable, the measurement ofthe resistance was started and the
data was stored at every second. The resistance ofthe sample was continuously measured in
the air (Ra) for 200 s and target gas (Rg) for 300 s. The measurement was repeated at the
different operating temperatures and gas concentrations range from 150 to 400 °C and 100 to
1000 ppm, respectively. The gas sensitivity (S = Ra/Rg) was defined as the ratio of the
electrical resistance in air (Ra) to that in the target gas (Rg). The response and recovery time
were defined as the time taken by the sensor to achieve 90% ofthe total resistance change in
thecase of adsorption and desorption, respectively.
3. Results and discussion
3.1 Structure and morphology ofas-synthesized materials
The small-angle XRD pattern (SAXRD) of silica KIT-6 template and the respective
ordered mesoporous SnOi and 5.0 wt.% La-Sn02 replicas obtained via the nanocasting route
are given in Figure lA. KIT-6 template (Fig. lAa) exhibited at least three well-resolved
diffraction peaks that can be indexed to (211), (220) and (332) reflections, indicating an
excellent ordered mesostructure material with characteristic of 3-D bicontinuous cubic Ia3d
symmetry [19]. The sharp and intense diffraction peak of the SAXRD pattern (Fig. lAb) at
2D = 0.8° - 0.9°, which corresponding to the (211) reflection of Ia3d symmetry shows that
the long-range mesostructure regularity of KIT-6 was well retained in Sn02 replica after the
nanocasting process [20]. Comparing to the SAXRD pattern of Sn02 replica, the reduction of
the intensity of (211) reflection for 5.0 wt.% La-Sn02 (Fig. lAc) indicates that the structure
of this replica was less ordered and slightly lower than that ofthe Sn02 replica. However, the
position of (211) reflection of 5.0 wt.% La-Sn02 replica was similar to that of KIT-6
template, suggesting that no apparent mesostructure shrinkage occurs after the La loading.
The d2ii values obtained from the (2 11) reflections and corresponding unit cell parameters
(ao) are listed in Table 1. The unit-cell parameters (a©) of Sn02 and 5.0 wt.% La-Sn02
replicas calculated from the positions ofthe (2 1 1) reflections were about 22.5 nm and 22.0,
respectively, which was in fair agreement with the value of 22.7 nm for KIT-6 template.
Therefore, it could be concluded that the original mesostructure of KIT-6 was successfully
replicated by the ordered mesoporous Sn02 and 5.0 wt.% La-Sn02.
Figure IB displays the wide-angle XRD pattern (WAXRD) of ordered mesoporous
Sn02 and 5.0 wt.% La-Sn02 replicas. Both of samples showed several well-resolved
diffraction peaks inthe range of2D = 20-80° and it is inwell agreement with the tetragonal
rutile phase of Sn02 (Cassiterite, JCPDS Card No. 41-1445, P42/mmn), which implied the
highly crystalline of Sn02 frameworks. The addition of5.0 wt.% ofLa into the Sn02 lattice
during nanocasting process did not produce any additional diffraction peaks associated with a
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secondary phase. The reason for this could be that La is amorphous or its crystallites are too
small to be detected by XRD. It also believed that the absence ofpeaks corresponding to any
other phase confirms the substitution of La in the Sn02 lattice [21]. Nevertheless, the
intensities ofthe dif&action peaks for 5.0 wt.% La-Sn02 replica are significantly reduced as
compared with Sn02 replica. This can be ascribed to adecrease in the crystalline domain size
upon incorporation ofLainto the Sn02 lattice.
The lattice parameters ofthe replica materials were calculated ifrom the XRD peaks using
least square refinement. Further, average crystallite/ grain sizes have been estimated using the
Debye-Scherrer equation. The calculated values oflattice parameters and average crystallite
sizes for both samples are given in Table 1. The lattice parameters ofthe Sn02 replica were
in good agreement with the reported value in JCPDS Card No. 41-1445. The lattice
parameters for 5.0 wt.% La-Sn02 replica were slightly increased to a=0.4761 Aand c=0.3243
A, which can be attributed to the larger ionic radius ofLa (0.101 nm) than the host Sn (0.071
nm) ions [21]. This reveals that 5.0 wt.% La-Sn02 replica has the larger lattice distortion than
that ofSn02 replica. Meanwhile, the average crystallite size ofthe Sn02 replica was about
4.79 nm and decreased to 3.60 nm for the sample of5.0 wt.% La-Sn02 replica. This indicates
that the 5.0 wt.% ofLa loading might lead to supersaturation which is responsible for the
grain's shrinkage. This finding agreed well with the result reported by Ang et al. [18] and
Weber et al. [22]. Besides, it should be noted here that the crystallite size ofSn02 and La-
loaded Sn02 grains obtained by nanocasting route in this work was smaller than Sn02 grains
prepared by sol-gel method [18] and spray pyrolysis method [23]. It is believed that with the
smaller crystallite size, the porosity of the sensing material would increase and hence
increased the surface area for the better surface reaction between the target gases and the
sensing materials.
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Figure 1: (A) Small-angle XRD and (B) Wide-angle XRD patterns ofordered mesoporous
materials: (a) silica KIT-6 template, (b) Sn02 replica and (c) 5.0 wt.% La-SnOi replica.
N2 adsorption-desorption isotherm ofthe as-synthesized KIT-6 template (inset ofFig.
2A) showed a type IV isotherm with pronounced hysteresis loops ofHI-type according to
lUPAC classification [24], characteristic ofmesoporous silica with large channel-like pores
occurring in a narrow range of sizes [15]. The template also exhibited large Brunauer—
Emmett-Teller (BET) specific surface area of 951.13 m^/g and total pore volume of 0.84
cmVg (Table 1), as well as narrow pore-size distribution (PSD) centred at 6.50 nm (inset of
Fig.2B).
The N2 adsorption-desorption isotherms ofordered mesoporous Sn02 and 5.0 wt.% La-
Sn02 replicas are shown in Figure 2A, which correspond to a typical of mesoporous
transition-metal oxides prepared via the nanocasting route [25, 26]. The isotherms ofboth
replicas display areduction in nitrogen uptake as compared to the KIT-6 template. This is due
to an increase in the density. The adsorption steps at relative pressure (P/Po) range of0.4—0.9
and hysteresis loops reflect the capillary condensation of the mesopores formed by
dissolution ofthe silica template. The uptake at high pressure (P/Po > 0.9) is associated with
the empty spaces between the particles, which owing to the existence of large pores among
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the aggregates [27]. The adsorption step and hysteresis loop of 5.0 wt.% La-Sn02 replica is
more narrowed and shifts to a lower relative pressure compared with that of Sn02 replica,
indicating an addition of small amount of La into Sn02 precursor via direct synthesis of
nanocasting route may result in a smaller pore size of the corresponding replica.
The PSDs of the ordered mesoporous Sn02 and 5.0 wt.% La-Sn02 replicas calculated
from the desorption isotherms by the Barrett-Joyner-Halenda (BJH) method are presented as
a plot of the relative pore filling versus pore size in Figure 2B. It can be seen that Sn02
replica much broadened and has bimodal pore systems with two maxima peaks centred at
6.19 nm and 10.75 run. This indicated that the Sn02 oxide has grown in only one of the two
sets of pore channel systems in KIT-6 template, which resulted in an uncoupled mesoporous
structure that has a larger pore size (10.75 nm), equivalent to the dimensions ofthe walls plus
a pore of KIT-6. Earlier studies also reported the same phenomenon as when metal oxides
only grow in one of the chaimel systems of KIT-6, nanocast metal oxides show a bimodal
PSD [25, 28-29]. In contrast to Sn02 replica, 5.0 wt.% La-Sn02 shows narrow PSD with
unimodal pore system centred at 5.08 nm, which suggests that the metal oxides has grown
withinthe pores of KIT-6 homogenously and thus, the replicawith coupled subfi^ameworks is
obtained. However, the pore size of 5.0 wt.% La-Sn02 replica is slightlylargerthan the pore-
wall thickness of the silica KIT-6 template (4.84 nm). This can be ascribedto the incomplete
filling ofthe KIT-6 pores by metal precursors, and shrinkage upon subsequent heat treatment.
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Figure 2: (A) N2 adsorption-desorption isotherms and (B) the corresponding pore size
distributions (PSDs) ofordered mesoporous materials: (a) Sn02 replica and (b) 5.0 wt.% La-
Sn02 replica.
The textural properties including BET specific surface area, total pore volume and
average pore size of ordered mesoporous Sn02 and 5.0 wt.% La-Sn02 replicas are
summarized in Table 1. Sn02 replica exhibits high BET specific surface area of108.67 m/g
and large total pore volume of0.22 cm^/g that comparable with the values ofmesoporous
Sn02 materials synthesized in the previous reports [20, 26]. Sn02 materials prepared by
conventional methods such as sol-gel, co-precipitation and hydrothermal synthesis usually
have surface areas below than hundred square meters per gram (<100 m^/g). This is because
high-temperature treatment in the synthesis method will lead to particle sintering
accompanied with severe loss ofporosity or ripening effect which induces undesired growth
of grain size [30-33]. High surface area Sn02 materials (>100 m^/g) can also be obtained by
the use ofsofl-templating methods, which employs organic surfactants as structure directing
agents [34-35]. However, the thermal and structural instability ofthese materials limits their
practical use. In this work, nanocasting route has been demonstrated as an effective method to
prepared ordered mesoporous Sn02 with highly crystalline framework and large surface area
which signify their potential application as sensing materials or catalyst supports. Meanwhile,
the BET specific surface area of 5.0 wt.% La-Sn02 replica slightly decreases to 102.05 m^/g
and the total pore volume drops to 0.12 cmVg. This may be caused by the slight disruption of
mesostructure after the loading of5.0 wt.% Laelement. The calculated pore-wall thickness of
5.0 wt.% La-Sn02 replica is about 5.92 nm as shown in Table 1. Obviously, the pore-wall
thickness is smaller than the pore size of the silica KIT-6 template (6.50 nm), which further
corroborates the incomplete filling of thepore space with Laand Sn02.
Table 1: Textural properties ofKIT-6 template, ordered mesoporous Sn02 and 5.0 wt.% La-
loaded Sn02.
Material "ao
(nm)
be
&BET
(mVg)
%
(cmVg)
""Dbje (nm) •w
(nm)
Crystallite
size (nm)
Lattice
parameter
a (A) c(A)
KIT-6 template 22.7 951.13 0.84 6.50 4.84 - - -
Sn02 replica 22.5 108.67 0.22 6.19/10.75 - 4.79 0.4742 0.3195
5.0 wt.% La-
SnOz replica
22.0 102.05 0.12 5.08 5.92 3.60 0.4761 0.3243
"ao, unit cell parameter = d2ii V6
^Sbetj bet specific surface area.
®Vt, total pore volume.
Dbjhj average pore size.
•W, average pore-wall thickness =^°/2 ~ ^bjh
Figure 3 (a and b) show the representative SEM images ofordered mesoporous Sn02
and mesoporous 5.0 wt.% La-loaded Sn02. The abundant of irregular nanopaticles with
diameters ranging from 200 to400 nm can be found especially for sample ofmesoporous 5.0
wt.% La-Sn02. In order to understand the structure of the sample well, transmission electron
microscopy (TEM) images was also given in Figure 3 (c and d). These images confirm the
well-defmed and long range periodic ordered ofthe material in nanometer scale as well as
highly crystalline framework for both samples. It can be estimated from the TEM image that
the diameter of the nanopaticles is about 6-7 nm, which is well in accordance with the pore
size of the KIT-6 template (6.50 nm). This indicates that the crystalline framework or the
nanoparticle is a good replica of the silica template pore channels.
g b)
Figure 3: SEM (a and b) and TEM (c and d) images of ordered mesoporous Sn02 and
mesoporous 5.0 wt.% La-Sn02 replicas, respectively.
3,2 CiHsOH-sensing performances
Gas sensing performances of semiconductor metal oxides are greatly affected by the
change in the operating temperatures, mainly due to change in concentration of surface
oxygen adsorbates and by the addition ofa noble metal or a metal oxide tothe sensor element
[21, 36]. The sensitivities ofthe sensors using bulk-Sn02, mesoporous Sn02 and mesoporous
5.0 wt.% La-loaded Sn02 towards 1000 ppm C2H5OH vapour were measured at various
operating temperatures in order to find out the optimum operating temperature. As shown in
Figure 4, it can be clearly seen that the sensitivity for all sensors tends to increase with
increasing temperature and reaches the maximum sensitivity at a certain temperature
(optimum temperature) before it reduces with further increasing temperature. The sensor
based on the bulk-Sn02 shows maximum sensitivity of only 6.62 towards C2H5OH at an
optimum temperature of 350 °C. Meanwhile, the maximum sensitivities ofmesoporous Sn02
and mesoporous 5.0 wt.% La-Sn02 sensors have reached to 28.2 and 52.6 towards C2H5OH
at an optimum temperature of 300 °C, respectively. It is well known that a heterogeneous
reaction involves the adsorption of test gases and the reaction of the adsorbed gases on the
surface-active sites of material [37]. The amount of chemical adsorption and the rate of
reaction will gradually increase with temperature due to chemisorption and reaction need
activation energy. When the rate of desorption becomes equal to that of adsorption, the
maximum loading of chemisorbed O" ions is reached at optimum temperature, which would
facilitate the sensor to reduceC2H5OH molecules, immediately givingthe highest sensitivity.
Ifthe temperature was further increased above optimum temperature, the amount ofadsorbed
gas will decrease with temperature, thus the sensor response decreased, which may be the
reason ofdecreasing the gas sensitivity over the optimum operating temperature.
As can be observed in Figure 4, the lower operating temperature obtained for
mesoporous Sn02 and mesoporous 5.0 wt.% La-Sn02 as compared with bulk-Sn02 would
result in the lower energy consumption. Noticeably, mesoporous 5.0 wt.% La-Sn02 sensor
exhibits much higher sensitivity than that ofmesoporous Sn02 aswell asbulk-Sn02. This can
be explained by the positive effect of the La loading on C2H5OH sensitivity that could be
altered the structural and acid-base properties of the materials as well as thermal
decomposition of ethanol. As the fmdings from XRD analysis, the ionic radius of La was
greater than that of Sn ion. Once it introduced into the structure of Sn02, the lattice
parameters of the materials has increased and subsequently there would be larger lattice
distortion. Besides that, the addition of 5.0 wt.% La into SnOa has decreased the crystallite/
grain size of the materials. As crystallite size decreased, the surface to volume ratio
increased. The smaller crystallite size, the higher surface areaand the larger lattice distortion
were beneficial for interaction between C2H5OH vapour and sensing material surface and
thus leading to higher sensitivity [21, 38]. Likewise, when theLawas added to the Sn02, the
selectivity of the surface reactions was influenced by acid-base properties on oxide surface-
dehydrogenation that proceeded preferentially on basic surface [18]. It was believed that
lanthanum's basic properties have enhanced the selectivity towards the surface
dehydrogenation which indirectly enhances the sensitivity ofC2H5OH.
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Figure 4: Sensitivity of ordered mesoporous Sn02 and mesoporous 5.0 wt.% La-Sn02
sensors to 1000 ppm C2H5OH vapour operated atdifferent temperatures.
Figure 5 shows the dependence ofsensitivity ofmesoporous Sn02 and mesoporous 5.0
wt.% La-Sn02 sensors on different C2H5OH concentrations ranging from 50 ppm to 2000
ppm atan operating temperature of300 °C. As can be seen from the figure, mesoporous 5.0
wt.% La-Sn02 sensor exhibits thehighest sensitivity at all the vapour concentration of 10.6 at
50 ppm, 18.1 at 100 ppm, 26.6 at 200 ppm, 35.3 at 400 ppm, 41.8 at 600 ppm, 47.2 at 800
ppm, 52.6 at 1000 ppm, 55.6 at 1500 ppm and 55.7 at 2000 ppm, respectively. It is worth to
mention that 5.0 wt.% La-Sn02 sensor shows excellent sensitivity performance to C2H5OH
even at low concentration of 50 ppm. In contrast to unloaded mesoporous Sn025 it can be
unambiguously demonstrated that the sensitivity ofSn02 sensor was evidently improved by
loading of5.0 wt.% ofLa. The sensitivity of5.0 wt.% La-Sn02 sensor to C2H5OH increases
rapidly with the increasing ofvapour concentration below 500 ppm. The correlation ofthe
sensitivity and C2H5OH concentration are approximately linear in the range of500 to 1000
ppm, which indicates that the sensor is very suitable for detection of C2HSOH in a wide
range. This unsaturation phenomenon to relatively high C2H5OH concentration may be
resulted from the high surface area and large pore volume of 5.0 wt.% La-Sn02 providing
plentiful surface active sites and accommodating large number of target gas molecules.
However, with the further increasing of the concentration upper than 1000 ppm, the
sensitivity increased more and more slowly, and was gradually saturated above 1500 ppm.
meso-Sn02
meso-5 wt."/o La-Sn02
500 1000 1500
CjHsOH concentration (ppm)
Figure 5: Dependence of sensitivity of ordered mesoporous Sn02 and mesoporous 5.0 wt.%
La-Sn02 sensors on different C2H5OH concentrations at300 °C.
It is well known that the response and recovery characteristics are important for
evaluating the performance ofgas sensor. The response and recovery times for 500 ppm
C2H5OH at 300 °C were measured using ordered mesoporous Sn02 and mesoporous 5.0 wt.%
La-Sn02 and results are summarize in Table 2. The response time displayed by both
mesoporous Sn02 and mesoporous 5.0 wt.% La-Sn02 sensors are 5.8±0.2 s and 8.2±0.2 s,
respectively. The slightly slower response time for 5.0 wt.% La-Sn02 as compared with
mesoporous Sn02 implies the decrease of chemical reaction rate that may arise due to the
amount ofthe adsorbed O' species decreases as part ofthe surface ofSn02 is covered by the
Laand the reaction become slower. Other than that, the La may elevate the activation energy
ofthe chemical reaction which will prolong the response and recovery time. However, the 5.0
wt.% of La-Sn02 sensor performed the best with the increment of2 times in sensitivity
towards 500 ppm ofC2H5OH.
Table 2: Response time and recovery time for the ordered mesoporous Sn02 and mesoporous
5 wt.% La-Sn02 sensors.
Material Sensitivity (CiHsOH
500 ppm)
Response
time (s)
Recovery
time (s)
SnOj replica 19.7 5.8 ±0.2 18.4±0.1
5.0 wt.% La-SnOi replica 38.6 8.2 ±0.2 20.5 ±0.1
4. Conclusion
Mesoporous Sn02 material has been successfully nanocasted from mesoporous KIT-6
silica template to be used C2H5OH gas sensor. The performance of the developed sensor
could be increased by incorporating oflanthanum (La). The addition of La into Sn02 has
decreased the crystallite/ grain size of the materials. It was believed that lanthanum's basic
properties have enhanced the selectivity towards the surface dehydrogenation which
indirectly enhances the sensitivity ofC2H5OH.
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ORDERED MESOPOROUS SnOz BASED SEMICONDUCTOR GAS
SENSORS: SYNTHESES VIA NANOCASTING METHOD,
CHARACTERIZATIONS AND GAS SENSING PERFORMANCES
ABSTRACT
In the last few years, there has been a growing demand for environmental
controlling and monitoring, particularly against the release oftoxic gases emitted by
industrial and man-made activities. The development of nanotechnology has created
amassive potential for development of highly sensitive, fast response, selective, low
cost and portable gas sensors with low power consumption. Up to now,
semiconducting metal oxide based gas sensors offered a great importance device for
reliable gas detection. The synthesis of semiconducting metal oxides with porous
structures was another attractive platform in gas sensor technology, which aimed to
increase their sensitivity and stability. Hence, in this thesis a comprehensive study
was devoted to explore the synthesis methods, characteristics and sensing
performances of ordered mesoporous Sn02 for an efficient detection of different
vapour gases.
Ordered mesoporous Sn02 was successfully synthesized via nanocasting
method using mesoporous silica as a template and tin chloride dehydrate
(SnCl2.2H20) as a metal-containing precursor. One-factor-at-a-time approach was
deployed to study the effect of process conditions during preparation of ordered
mesoporous Sn02 including various types of mesoporous silica template such as
KIT-6 (bicontinuous 3-D cubic Ia3d), SBA-15 (2-D hexagonal, p6mm) and SBA-16
(3-D cubic with cage-like pores, Imim)\ different infiltration techniques such as
solid-liquid method, conventional evaporation method and vacuum-assisted solvent
evaporation method; various oxide additives and loading amounts such as WO3
(acidic oxide, 2.5-10.0 wt.%) and La203 (basic oxide, 2.5-10.0 wt.%); as well as
calcination temperature (200-800 °C) on the morphology, surface area properties and
its ability to detect ethanol vapour. The characterization results revealed that the
obtained mesoporous Sn02 exhibits well-defined and long-range periodic order of
mesopores as well as highly crystalline frameworks, indicating successful replication
from the mesoporous silica templates. The highest surface area of 102 m^/g with the
total pore volume of0.1216 cmVg and the average pore size of5.08 nm was obtained
when ordered mesoporous Sn02 replicated from KIT-6 silica template through
vacuum-assisted solvent evaporation method and loaded with 5.0 weight % of basic
oxide, La203.
Sensors were fabricated by deposition of the as-synthesized ordered
mesoporous Sn02 with a small amount ofTriton X-100 onto alumina plate substrates
to form thick films. Prior the sensing measurement, X-logger 1.0 software was
programmed to interface with the electrometer to get all measured electrical
resistance values. The sensor response (sensitivity) which defined as the ratio of the
electrical resistance in air (Ra) to that in the target gas (Rg) was investigated towards
ethanol and acetone vapour detection at the operating temperatures between 150-400
°C and vapour concentrations between 100-1000 ppm. Maximum sensitivity was
reached -18.75 for 1000 ppm ethanol at operating temperature of 300 °C using
ordered mesoporous Sn02 sensor replicated from KIT-6 silica template. The large
surface area and well-defmed mesostructured of Sn02(KiT-6) sensor might be
responsible for their excellent performance. The sensitivity of Sn02(KiT-6) sensor was
further enhanced by the loading of basic oxide, La203 rather than loaded with acidic
oxide, WO3. The highest sensitivity was up to -58.24 for 1000 ppm ethanol at
operating temperature of250 °C in respect to 5.0 weight %La203-loaded Sn02(KiT-6)
sensor. The improvement in sensitivity may be attributed to the formation of ordered
and stable mesoporous channels, high crystalline frameworks, large surface areas,
high porosity and the presence of the basic sites, which lead to effective surface
interaction between the ethanol molecules and the surface active sites. The
enhancement sensitivity of sensor was also estimatedto be related with selectivity in
oxidation reaction of ethanol which facilitated the dehydrogenation process. The 5.0
weight % La203 loaded Sn02(KiT-6) sensor exhibited short response time of 12
seconds and moderate recovery time of 200 seconds as well as good selectivity to
ethanol over acetone. The linear dependence of the sensitivity on the ethanol
concentration was observed in the range of 100-1000 ppm. The sensor demonstrated
high repeatability, reliable sensitivity after repeated use for 14 days. As conclusion,
the nanocasting method has been offered a versatile and simple way of creating
ordered mesoporous Sn02 with enhanced physicochemical characteristics. The
produced sensors have displayed excellent gas sensing performances in detecting
ethanol vapour.
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PRESTASIPENGESANAN SENSOR GAS SALUTAN TEBAL SNO2 BERLIANG
MESO TERHADAP ETANOL
ABSTRAK
Tujuan utama penyelidikan ini adalah untuk mengkaji prestasi pengesanan sensor
gas tin dioksida (Sn02) berliang- meso yang dibina melalui kaedah salutan jatuhan
terhadap wap etanol. Penyelidikan ini dimulakan dengan sintesis serbuk Sn02 berliang
meso yang dijalankan melalui proses hidrolisis tin (IV) klorida dengan surj^ktan
kationik, bromida cetyltrimethylammonium (CTAB) sebagai agen pengarah struktur dan
ammonia sebagai sumber alkali, diikuti dengan proses pengkalsinan. Serbuk Sn02
berliang-meso telah dicirikan dengan mengunakan Mikroskop Elekton Mengimbas
(SEM), Pembelau X-ray (XRD) dan Penganalisa Luas Permuakaan BET. Serbuk Sn02
berliang-meso yang mempunyai pengedaran Hang sempit serta luas permukaan yang
tinggi iaitu 164.99 m^/g telah diperolehi. Seterusnya, serbuk Sn02 berliang-meso yang
disentesis dan serbuk Sn02 komersial telah disalutkan di atas substrat alumina
menggunakan kaedah salutan jatuhan dan telah digunakan untuk mengkaji tindakbalas
terhadap kepekatan wap etanol yang berbeza (100 —1000 ppm) dalam suhu yang
berbeza (150 - 400 ®C). Hasil kajian mendapati bahawa suhu operasi yang optimum
bagi sensor gas Sn02 berliang-meso adalah lebih rendah berbanding dengan sensor gas
komersial Sn02, iaitu pada 300 ®C. Selain itu, didapati bahawa kepekaan sensor gas
yang dibangunkan berkadar terns dengan kepekatan wap etanol. Pengaruh parameter-
parameter ke atas kepekaan sensor gas Sn02 terhadap wap etanol telah dikaji dan
dibincang dengan lanjut. Tambahan pula, prestasi sensor gas Sn02 berliang-meso telah
dibandingkan dengan sensor gas Sn02 komersial. Keputusan eksperimen menunjukkan
bahawa sensor gas Sn02 berliang-meso mempunyai kepekaan yang lebih tinggi dalam
Xll
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pengesanan wap etanol. Penemuan ini telah dianalisa dengan menghubungkaitkan
dengan ciri-ciri Sn02.
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ABSTRACT
The primary purpose of this project is to study the ethanol vapour sensing
performance of tin dioxide (Sn02) gas sensor fabricated through drop-coating method.
Mesoporous Sn02 powders were synthesized via a simple SnCU hydrolysis process
using cationic surfactant, cetyltrimethylammonium bromide (CTAB) as structure
directing agent and ammonia as alkali source, combined with a subsequent calcinations
process. The synthesized mesoporous Sn02 powders were characterized by Scanning
Electron Microscope (SEM), XRD Dififractometer (XRD) and BET surfece area
analyser. Mesoporous Sn02 powders with narrow pore size and high surfece area of
164.99 m^/g were obtained. Then, the synthesized mesoporous Sn02 and commercial
Sn02 powders were coated on alumina substrates through drop-coating method. The
fabricated gas sensors were used to test their responses to different concentrations of
ethanol gas (100 - 1000 ppm) at different operating temperatures (150 - 400 ®C). The
results show that the optimum operating temperature for the mesoporous Sn02 gas
sensor was lower than conunercial Sn02 gas sensor that was at 300 ®C. Besides that, it
was found that the sensitivityof the sensor varied proportionally with the concentration
of ethanol gas. The effect of the parameters on the sensitivity of the Sn02 sensor were
investigated and discussed in details. Furthermore, the performance of the mesoporous
Sn02 sensor was compared with the commercial Sn02 sensor. The results showed that
the mesoporous Sn02 sensor has higher sensitivity in detecting ethanol vapour. The
findings were analyzed and discussed by correlating the experimental results with the
characterization analysis which were closely related to the properties of the sensing
materials.
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CHAPTER ONE
INTRODUCTION
1.1 Definition of Term
Mesoporous:
Thegreek prefix meso means "in between". A mesoporous material contains pores inthe
size range between 2 and 50 nm (Behrens, 1993).
1.2 Background Information
1.2.1 Importance ofEthanol Gas Sensor
Environmental pollution is one of the global highly-concerned issues in 21®^
century. Detecting and monitoring the emission of ethanol vapor is important as ethanol
has been identified as one oftheorganic pollutants which cause severe harmful effect on
environment and human health due to its toxicity, carcinogenicity and hazardous
propCTties (Khan et ah, 2012). Inhalation of high concentrations of ethanol vapor can
causeheadaches, balance disorders, nausea, dizziness and confusion and it is extremely
harmful and dangerous for human health if the emission of ethanol vapor is not
controlled (Liao et ah, 2013). Hence, ethanol gas sensors are developed to detect and
quantify this organic pollutant and to help inreducing environmental pollutions (Khan et
ah, 2012).
Moreover, ethanol gassensors arenotonly useful in industrial gas leak detection
for safety purpose as it is flammable, it isapplied inmany other fields such ascontrol of
1
fermentation process, safety testing of food packaging (Zhan ei al^ 2013) and even used
as breath alcohol detector (Ho etal, 1998).
1.2.2 Use of Tin Dioxide as Ethanol Sensing Material
With the advancement of technology, various types of ethanol gas sensors have
been developed such as plastic substrate-based ethanol sensors (Zhan et al, 2013) and
metal oxides-based sensors which including SnOi, In203, WO3, ZnO, Ti02, and so on
(Zeng et al, 2010).
The semiconductor metal oxides have been used as gas sensing materials due to
various advantages that the semiconductor gas sensor devices have such as simple
manufacture technique, rapid response and recovery time, low cost (Zeng et al, 2010),
highthermal stability (Yuan et al, 2011), small size, measurement simplicity, durability,
ease of fabrication and low detection limit (Kanan et al, 2009). Among the available
semiconductor metal oxides, tin dioxide, Sn02 is considered as the most attractive
material in fabricating ethanol gas sensor due to its ability to operated at elevated
temperatures (200 - 600 °C) (Yuan et al, 2011). In addition, Sn02 is considered as a
good sensing material due to its suitable physicochemical properties and its natural non-
stoichiometry properties (Delgado, 2002).
1.2.3 Structure and Performance of Sn02 Sensor
The typical Sn02 gas sensor consists of four parts which are sensing film,
substrate, electrodes and heater. Sn02 nano-powders are coated on a substrate and form
a sensing film and react upon exposure to target gases by changing its resistance. The
resistance of the sensing film is measured by a pair of electrodes while the function of
heater is to heat the gas sensor for it to reach an optimum working temperature (Sun et
aU 2012).
The performance of a sensor can be characterize through few parameters which
including sensitivity, selectivity, stability, response time, linearity, working temperature
and many more. For example, sensitivity of a sensor refers to a change of measured
signal per analyte concentration unit while the selectivity refers to how a sensor can
respond selectively to a group of analyte or specifically to a single analyte (Umar and
Hahn, 2010). The sensitivity is defined as the ratio of the resistance of the sensor in air
to the resistance of the sensor inthetest gas, that is5 = Ral^g (Miller et al., 2006).
There are many factors that can affect the performance of the sensor including
the synthesis technique, synthesis conditions, film deposition method, types of binder
used in deposition, presence of doping substance, presence of catalyst, operating
temperature and many more (Kanan et al, 2009).
1.2.4 IVpes of SnOi Synthesis Method
There are few common synthesis methods of Sn02 nano-particles to be used as
the sensing material, such as hydrothermal method, mechano-chemical method, flame-
spray synthesis, sol-gel method (Choudharyet aL, 2012), chemicalprecipitation method,
dissolution pyrolysis method and so on (Vaezi and Sadmezhaad, 2007). Among these
Sn02 synthesis technique, sol-gel has various advantages by having lower processing
temperature, better homogeneity, controlled stoichiometry, and flexibility of forming
nano-particles and films (Choudhary et al, 2012).
For sol-gel method, it usually consists on the precipitation oftin hydroxide jfrom
an aqueous solution where a high pH is reached by the addition of ammonia or sodium
hydroxide and tin oxide can be obtained after calcination process. On the other hand, for
hydrothermal method, it consists ofthe immersionof a substrate in an aqueous solution
of tin hydroxide at temperatures above 100 ®C for several hours. In addition, submicron
tin oxide can be obtained by precipitation in which the powder can be obtained from
thermal decomposition of tin oxalate at room temperature from mixed solutions of tin
(II) chloride and oxalic acid (2007).
1.2.5 Synthesis of Mesoporous SnOi Powders
Mesoporous materials have attracted considerable attention due to their large
surfece areas and narrow pore distribution that make them ideal candidates for catalyst,
molecular sieves and also as solid-state gas sensors. Various approaches utilizing a
supramolecular templating mechanism have been studied for the preparation of
mesoporous tin oxideby using different typesofsurfectants.
Surfactants which can be cationic, anionic and neutral surfectant and they are
used as structure directing agent in synthesizing mesoporous materials (Chen and Liu,
1999). High surfrce area SnOa can be produced with various surfactants such as
cetyltrimethylammonium bromide (CTAB), dodecylamine, tetradecylamide and sodium
dioctylsulfosuccinate (AOT) (Adnan et al, 2010).
The ejSects of the surfactants will depend on the organic-inorganic interaction
and are dependent on many factors such as the solution pH, concentration of surfactant
and temperature. Furthermore, powders with large variation in particle size can be made
from various surfectants depending on the nature of the surfactant, size of head group
and various interactions with different strength that occurred (Jain et al, 2006).
It was reported that uniform pore size mesoporous particles can be synthesized
by the strong interaction between templates and precursors through the usage of cationic
surfectant, CTAB (Farrukh et al, 2010). Besides that, the particles can achieve high
specific surface area and narrow pore size when an optimized amount of surfactant is
used. However, the surfectant must be removed by washing with solvent or water and
through calcinations at high temperatures because certain surfectants are toxic and will
lower the impurityofthe final products (Farrukh et al, 2010).
Apart from utilizing surfactant, each step in the Sn02 synthesis process should be
controlled carefully in order to obtain product with desired properties. Parameters that
should be paid attention in the synthesis steps include the amount and concentration of
reactants, synthesis temperature, aging duration, drying method, calcination temperature
and so on. In the synthesis process, the reaction temperature is usually low and is usually
at room temperature. This parameter is important in synthesizing mesoporous Sn02
nano-powders as low synthetic temperature will decrease the assembly rate of the
templating cationic surfactants and hence will facilitate the preparation of high quality
mesoporous Sn02 (Cejka et aL, 2007). For drying process in synthesizing mesoporous
Sn02, it is normally carried out at room temperature and heating may reduce the
mesoscopic regularity to some extent (Cejka et al, 2007).
Removal ofsurfectant or template is the last synthesis step and it is carried out to
remove surfactant from materials to produce Sn02 with mesostructures (Cejka et al,
2007). It can be done through calcinations, extraction, irradiation using microwave and
high-energy ultraviolet lamp and microwave digestion (Cejka et al, 2007). However, the
most common method to remove surfectant is through calcinations as it is easy to
operate and complete template removal can be done. During calcinations, the
temperature-programmed rate should be set as low as possible to prevent the structural
collapsed caused by local overheating while the calcination temperature should also be
below the stable temperature of mesoporous materials to totally eliminate the surfectant
(Cejka et al, 2007). Excessive high calcination temperature may destruct the ordered
mesostructured framework of Sn02 and higher calcinations temperature may also result
in sintering that will lead to a decrease of surfece area (Guo et al, 2011). However,
calcination temperature should be high enough to remove surfectant completely from
Sn02 as the residues will affect adversely on the adsorption process of target gas and
result in the descend in the sensor response (Guo etal, 2011).
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Figure 1.1: Structure of mesoporous tin oxide (a)before calcination and (b)after
calcinations. (Farrukh etal., 2010)
It is been discovered that calcination temperature will also affect the crystallite
sizeof Sn02.According to a previous study, the crystalline sizeofSnOa increased as the
calcination temperature rose. It is explained that when the calcination temperature is
increased, there was a decrease of lattice distortion ratio and dislocation density and
eventually it developed crystallinity ofthe SnOa (Gaber et al, 2013).
1.2.6 Fabrication of SnOz Gas Sensor
Sn02 sensing material can be fabricated into forms of thick jSIm, thin film or
pellet. Thick film can be produced through drop-coating, dip-coating or screen printing
while thin film can be produced tlirough thermal evaporation method, electron beam
evaporation, sputtering, ion cluster beam deposition or chemical vapor deposition. A
sensor is then be made by depositing a layer of Sn02 sensing material on a substrate
(Hauptmann, 1991). Thin films and thick films span approximately 50 nm to 2pm 2-
10pm in film height respectively (Miller et al, 2006).
Deposition method used in fabricating sensor film can be chosen based on the
desired film thickness as it directly influencesthe film density and therefore the baseline
resistance of the sensor which affects the sensor's performance. Binders are commonly
used in depositing tin dioxide films to improve its mechanical strength (Bakrania and
Wooldridge, 2009). It is also stated that addition of a permanent binder enhances the
adhesion of film to the substrate (Garje and Aiyer, 2006).
1.2.6.1 Drop Coating
Drop-coating is a deposition process to produce thick film where a paste is made
ofthe desired metal oxide powder and a suitable solvent; the paste is then deposited onto
a substrate surface usually by controlled injection using a pipette. The film
microstructure that will affect the sensor performance is influenced by the composition
ofthe paste (Fine et al, 2010) while the film thickness is controlled by the amount and
concentration ofsolution deposited on the substrate (Jaaniso and Tan, 2013).
1.2.6.2 Screen Printing
Another common deposition method used in industry for producing metal oxide
semiconductor gas sensors is screen-printing. Screen printing involves pushing an ink
which contains material to be deposited and viscous vehicle, through a porous layer or
mesh to produce a layout onthesubstrate (Fine etal, 2010).
1.2.6.3 Physical Vapour Deposition (PVD)
PVD can be carried out byputting the material to bedeposited into gas phase by
either evaporation through heating or by sputtering. Then a reactive gas is introduced
where the gas atoms react with the metal vapour to form a compound which will be
deposited on the substrate and the resultant film will be well bound tothe substrate. This
technique is performed under vacuum so it cein be expensive when carrying out in large
scale. Furthermore, this process is time-consuming to achieve and maintain and requires
expensive evaporation equipment that increases production costs (Fine et al., 2010).
1.3 Problem Statement
A high performance chemical sensor would possess high sensitivity, selectivity
and stability, low detection limit, good linearity and small response time (Umar and
Hahn, 2010). Researchers have been putting a lot ofeffort to improve the performance
of the sensor. Much attention is paid to the influence of the size and shape of the
particles, preparation technology and also the doping effect on the gas sensor
characteristics. However, the study on the performance of mesoporous SnOi sensor in
detecting ethanol gas is limited. Hence, this study will be investigating the performance
of mesoporous Sn02 gas sensor and compare its performance with the sensor fabricated
by usingcommercial Sn02 powders.
1.4 Research Objectives
Thispresent studyis to achieve the following objectives:
• To synthesize and characterize mesoporous Sn02 material
• To fabricate Sn02 sensor via drop-coating deposition technique by using
synthesized mesoporous Sn02 powder and commercial Sn02powder
• To study the effect of operating temperature and concentration of ethanol gas on
the Sn02 sensingperformance
• To comparethe mesoporous Sn02 with the commercial Sn02 sensor in terms of
sensitivity
1.5 Organization ofThesis
Generally, the thesis consists of five chapters. Chapter 1 gives an outline of the
whole thesis which covers the introduction to the use of semiconductor metal oxide as
gas sensor, structure and performance of a Sn02 gas sensor. Then, Sn02 sensing
mechanism is discussed and followed by an introduction to few types of Sn02 synthesis
method. Next, the important steps in synthesizing mesoporous Sn02 are discussed and
then few sensor febrication methods are also introduced. Lastly, this chapter encloses
with problem statements and the objectives ofthis research.
10
Subsequently, in Chapter 2 literature review is written based on previous
researches and studies conducted on SnOa gas sensor. Characterization methods and
factors that affectthe performance SnOa sensor are covered in this chapter.
Chapter 3 presents the experimental methodology and the materials and
equipments used throughout the study are listed in tables. Besides that, this chapter also
provides the details on sensor measurement rig set-up, mesoporous SnOa synthesis
method, sensing material deposition method, the characterization methods of SnOa
particles and also the sensor performance measurement.
Chapter 4 comprises of results and discussion of this study. Characteristics of
SnOa such as crystallinity, surfece morphology, surfece area and particle size are
presented. Then the elBFects of operating temperatures and concentration of ethanol gas
on the sensor sensitivity are discussed. Finally, the properties of the mesoporous and
commercialSnOaare discussed and correlated with their gas sensing performances.
Chapter 5 provides a summary of the results obtained in the present study.
Besides, concluding remarks and recommendations for the future works in gas sensor
technology are also discussed.
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CHAPTER TWO
LITERATURE REVIEW
2.1 Su02 Sensing Mechanism
2.1.1 Band Theory
Band theory states that there are a valence band and a conduction band within a
lattice and the separation between these two bands is a function of energy which is
Fermi level. Fermi level is defined as the highest available electron energy levels at a
temperature. Semiconductors have a large energy gap which is in the range of 0.5 - 5.0
eV. Electrons can only begin to occupy the conduction band to results in an increase of
conductivitywhen the energy is above the Fermi level (Fine et al, 2010).
The band theory is applied to gas sensors to explain the change in the
conductivity or resistivity of a material when there are interactions between the target
gas molecules with the surfece of the metal oxide film. When target gas is introduced,
the gas molecules react interact with the oxygen ions adsorbed on the surface of the
metal oxide film and results in a change in charge carrier concentration of the material.
Hence, for an n-type semiconductor where majority charge carriers are electrons, an
increase in conductivity occurs upon interaction with a reducing gas (Fine et al, 2010).
12
Conduction
Band
Urge onorgy gap.
No transfer of
Electrons
Valonro
Band
Insulator
Conduction
Band
Semiconductor
F<?mTi Lcwnl
Conduction
Band
Conductor
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Sn02 is an n-type semiconductor with n-type electron carrier path primarily
responds to reducing gasesand increases their conductivity (Hauptmann, 1991). The gas
sensing operation is a combination of two adsorption reactions (Ho et al, 1998) andit is
also believed thatthere aretwo major key functions involved which are the receptor and
transducer functions (Kanan et al, 2009).
2.1.2 Fundamental Mechanisms
First, when Sn02 sensor is exposed to air, oxygen from the air is adsorbed onto
the surface of the sensing material. Electrons from the surface region of the Sn02
sensing material are transferred to the adsorbed oxygen to form negatively charged
oxygen species such as 0^, 0* and 0^'. Moreover, the transfer of electrons from the
sensing materials leads to the formation of an electron-depleted region near the surfece
of the Sn02 particles which is known as space-charge layer (Miller et al, 2006). An
electronic changeof Sn02 surfeceis introduced (Kananet al, 2009).
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Then, when the Sn02 sensor is exposed to a reducing gas like carbon monoxide
or ethanol gas, surface reactions occur between the reducing gas and the ionic oxygen
species to release electrons back to the SnOa- It leads to a decrease in the resistance of
the space charge layer as the electron density is higher to increase the conductivityofthe
sensor. The schematic diagram of Sn02 gas sensing mechanism in response to the
reducing gas is shown in Figure 1.2 (Miller et al, 2006).
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Figure 2.2: Schematics indicating the mechanisms leading to Sn02 sensor response to
oxidizing and reducing gases.
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Equation below shows the proposed sensing mechanism that includes the
chemisorptions of oxygen and oxidation of the adsorbed ethanol molecule (Umar and
Hahn, 2010).
C2H50H^ +60;4, =2C02+3H20 +6e Eq.(l)
2.2 Characterization ofSn02 Powder
The characterization of Sn02 canbe done through few methods such as by using
X-ray diffraction analysis (XRD), scanning electron microscopy (SBM), transmission
electron microscopy (TEM), nitrogen adsorption-desorption experiment and so on.
XRD is used to determine the Scherrer crystallite sizes of the SnOi powders
(Bakrania and Wooldridge, 2009) and the average crystallite size is determined from the
XRD spectrausing Scherrerequation:
D = Eq. (2)
pcosO
Where D is the average particle size; Xis the X-ray wave length; k is the Scherrer
constant (0.9) and p is the angular width ofthe diffracted peak at the half maximum in
radians for the diffraction angle (20) (Choudhary et al, 2012).
According to a journal particle, when the diffraction peaks are broadened it
indicates the small nanosized particles and very small particle with only 14.68 nm in
diameter can be produced through sol-gel method (Choudhary et ah, 2012). Besides that,
SEM is used to evaluate film quality while transmission electron microscopy (TEM) is
used to determine particle morphology and primary particle size (Bakrania and
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Wooldridge, 2009). For example, from SEM images of tin oxide thick film at different
magnification, it is observed that the prepared Sn02 particles are fine and some
agglomeration of finer particulates to form bigger clusters (Choudhary et al, 2012).
2.3 Factors Affecting the Sensitivity of SnOi Sensor
A good performance sensor should have high sensitivity, fast response, short
recovery time and a linear dependence of the sensitivity on the concentration of the
detected gases (Chen et al^ 2006). The factors that may affect the sensitivity of
mesoporous SnOa sensor are the operating temperature, concentration ofthe target gas,
Sn02 particle size, binding material and so on.
2.3.1 Operating Temperature
As mentioned previously, the sensitivity of the gas sensor is a function of
operating temperature. Some research has been done to investigate the relationship
between the operating temperature and the response of Sn02 sensor in ethanol vapor
detection. Numerous studies have shown that the sensitivity of the Sn02 sensor
increases with the operating temperature until one optimum temperature and then it
starts to decline after that optimum temperature. Thus a bell shape graph can normally
be observed for the temperature dependence metal-oxide sensor response with a
maximum at a certain temperature. It is believed that this trend is resulted from the
competition betweenslow kinetics at low temperatures and enhanced desorption at high
temperatures (Wang et al, 2010). Besides that, the dependence can also be explained by
the charge of oxygen species adsorbed at the oxide's surface which is depends on the
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temperature (Umar and Hahn, 2010). The other explanation will be the rate of
adsorption, desorption and diffusion process on the sensor are temperature dependent in
which the rates will be increasing with the temperature (Umar and Hahn, 2010).
Mesoporous Sn02 sensor has shown maximum sensitivity when it is operating
under 300 °C between the range of 160 "C to 350 in a journal article (Guo et ah,
2011). Temperature has significant ejffects on the sensitivity of Sn02 gas sensors by
influencing the physical properties of semiconductors and also its resistance. The
resistance decreases with increasing temperature, hence the conductivity of the sensor
will increase with increasing temperature (Yan and Liu, 2004).
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Figure 2.3: (a) Sensitivities of the Sn-400 sensor to 0.1 vol% various gases at different
operating temperatures and (b) comparison ofsensor signal at 300 °C. (Guo etal, 2011)
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2.3.2 Concentration of Ethanol
There are also few studies that have investigated the relationship between the
concentration of target gas and the response of the sensor. In the studies, linear
dependence ofthe sensitivity on the ethanol concentration is observed which means that
the response of sensor is increased linearly with increasing of concentration of ethanol
gas with a small fluctuation (Chen et al, 2006, Johari et al, 2011).
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Figure 2.4: (a) Ethanol sensing properties of Sn02 nanorods as the sensor was exposed
to ethanol gas with concentration of 10-300 ppm at work temperature of 300 °C. (b)The
linear dependence ofthesensitivity ontheethanol concentration. (Chen et al, 2006).
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In a research done previously, it is explained that the linear dependency of
sensitivity of Sn02 sensor on the concentration of the concentration of target gas,
ethanol is related to the small size effect of Sn02 materials in which the particle size is
having diameter less than 15 nm (Chen et al., 2006).
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Figure 2.5: Sn02 nanowire sensor response as a function of ethanol concentration.
(Johari etal, 2011)
2.3.3 Particle Size
The performance of a sensor is dependent on its particle size in which the
average particle size will increase with annealing temperature during the synthesis
process. According to Zhang and Liu (2000), the average particle size of Sn02(CuO)
powders increased with annealing temperature from 20 nm at 600 "C, to 100 nm at 800
"C, to 290 nm at 1000 and to 6 pm at 1200 ®C. Hence, the surface area of Sn02
powder which is affected by the particle size decreased accordingly with the annealing
temperature (Zhang andLiu, 2000).
19
There are three different types ofconductance mechanisms which are depending
on the grain size. For example, large particle in which its grain size is larger than two
times ofthe thickness ofthe space charge layer, the conductance ofthe film is limited by
Schottky barriers at grain boundaries. Hence, the sensitivity is independent of the
particle size (Umar and Hahn, 2010). On the other hand, the sensitivity is highly
dependent on the grain size if the grain size is much smaller than the thickness of the
space charge layer and it is considered as the grain-control regime (Miller et al, 2006).
Figure below shows the relationship between the particle size and the gas sensitivity for
a Sn02 sensor.
112 -4-00
5 10 IS 20 25 30
Particle Size(nm)
Figure 2.6: The effect ofparticle size on the gas sensitivity for a SnOa sensor exposed to
COand H2. (Aswal andGupta, 2007)
2.3.4 Addition of Dopant and Additives
Many studies have been made to study the effect of the presence of catalyst
additives or doping material ofthe sensing material on its sensing performance. Study
shows that the presence of nano-scale dopants such as calcium oxide in 1 mol% could
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shorten the recovery time of the Sn02 film while the presence of platinum could
dramatically increased the sensitivity ofthe Sn02 film (Ling and Tsai, 2006). It is stated
in the journal article that the calcium oxide may preferentially dehydrate the alcohol
molecules and converting it into ethane thus reducing the interaction between reactant
and surface oxygen which reduced the recovery time of the sensor (Ling and Tsai,
2006).
Moreover, a study shows that the introduction of suitable noble metal additives
will improve the gas sensor performances by increasing its sensitivity and bydecreasing
the sensitivity maximum temperature (Morante et al, 2000). This is due to the fact that
introduction ofnoblemetaladditives can help to modify or controlthe surfaceproperties
of the Sn02 and also promote catalytic activity (Delgado, 2002).
2.3.5 Binder
A previous study shows that the sensing material, Sn02 powders in paste form
could be deposited on sensor platform with and without the use of binders. The
variability in performance between Sn02 thick film gas sensors prepared by using
different pastes are investigated
In that study, the binder recipes yielded Sn02 sensors with poor film uniformity
and poor structural integrity comparing to a binder-less dispersion-drop method
(Bakrania and Wooldridge, 2009). The highly volatile binder solutions led to varying
paste rheologies and varying film properties in paste processing process and fractured
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films with highly non-uniform microstructures were produced. Therefore, in the study
that the sensors fabricated using binders were having large variability and poor signal
properties in detecting carbon monoxide gas due to its poor film structure. On the other
hand, binder-less Sn02 paste solution produced lower variability between the multiple
sensors fabricated using the same method and the sensors had better electrical contact
compared with the sensors fabricated using binders (Bakrania and Wooldridge, 2009).
Apart from that, another research is done to improve the long-term stability of
sintered Sn02 gas sensors by using binder of different degree of polymerization
(Yasunaga et al, 1986). It has been discovered that by using a binder with a larger
degree of polymerization, gas sensibility is increased and the sensor resistance is
decreased (Yasunaga et al, 1986). However, binder with a smaller degree of
polymerization is used to improve the long-term stability of the sensor (Yasunaga et al,
1986).
2.3.6 Thickness of Sensing Film
In a previous research, it has been reported that the film thickness which can be
manipulated by controlling the number ofcoatings during depositionstage can affect the
sensor performance (Bakrania and Wooldridge, 2009). The response of the sensors to
target gases can be altered by adding more sensing material layers on the substrate
which generate a dense network of pores (Bakrania and Wooldridge, 2009). The result
of a previous research also shows that a thicker deposition film has a higher sensitivity
to alcohol (Ling and Tsai, 2006).
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CHAPTER THREE
MATERIALS A3SD METHODS
3.1 Material
The materials used for synthesis of tin oxide sensing material, fabrication and
testing ofthe sensor are listed in Table 3.1 below:
Table 3.1: List ofmaterials required for experiment.
Materials Purity Supplier Countiy Purpose
Tin (IV) tetrachloride
pentahydrate
(SnCl4-5H20)
98% Sigma
Aldrich
Malaysia
- As the raw material for
sol production
Cetyltrime
thylammonium bromide,
CTAB
(CH3(CH2)i5N^(CH3)3Br
)
^99%
Sigma
Aldrich
Malaysia
- As structure directing
agent
De-ionized water -
Sigma
Aldrich
Malaysia
- As solvent to dissolve
CTAB and SnCl4-5H20
to prepare gel solution
Ethanol
(C2H5OH) 99.8%
Sigma
Aldrich
Malaysia - As ethanol vapour source
Ammonia solution
(NH3)
25% Linde Malaysia
- As alkali source to adjust
the pH ofthe solution
Purified air
79.2% N2
20.8% O2
Linde Malaysia
- As oxygen source
- To dilute ethanol vapour
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3.2 Method
3.2.1 Preparation of Mesoporous SnOa Nano-powder
The mesoporous SnOa nanopowders was prepared via a simple tin (IV) chloride,
SnCU hydrolysis process using a cationic surfactant, cetyltrimethylammonium bromide,
CTAB: CH3(CH2)i5N*^(CH3)3Bf as structure directing agent and ammonia as alkali
source under an acidic condition at room temperature, followed bycalcinations process
(Guo et ah, 2011). The following paragraph describes its procedure:
1.6 g of CTAB was mixed with 100 ml of distilled de-ionized water to form a
homogenous solution. 5 g of SnCU-SHaO was dissolved in 100 ml ofdistilled deionized
water and then introduced into the previous solution. Then, 0.5 mol/1 of ammonia was
added to the mixture under stirring till its pH value was adjusted to 10. This was to
promotehydrolysis process. After stirringfor about 3 h, the sol was aged for 3 days. The
resulted white slurry was centrifiiged and washed by distilled water for few times to
removeunwantedammoniaions and chloride ions, and then dried under vacuum to gain
the white powders (SnCTAB precursor) by using freeze dryer. Freeze drying was
applied to dry the slurry gently to avoid the formation of coarsened particles, which
could happen due to agglomeration in hightemperature drying process (Giersberg et al^
1991).
Finally, SnCTAB precursor was calcined in a furnace at 400 °C for 2 h to allow
complete removal of CTAB surfactant (Guo et al^ 2011, Wagner et al, 2006). The
equations below described the possible reaction of hydrolysis and condensation that
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occurred during the synthesis process, respectively (Choudhary et al., 2012, Farrukh et
fl/.,2010).
SnCU + 4NH4OH Sn(0H)4 + 4NH4CI (Hydrolysis) Eq. (3)
Sn(0H)4 -> Sn02 + 2H2O (Condensation) Eq. (4)
A general formation mechanism of mesoporous Sn02 was proposed based on
specific type ofelectrostatic interaction between agiven Sn^^, the inorganic precursor (7)
and CTA"'', surfactant head group {S). The formation of mesoporous Sn02 could be
explained by using S^Xt pathway in which the counterion X"represented OH" ions and
halide anions such as Cl~ and Br". The X" ions served to buffer the repulsion between
iS^ and 7^ by weak hydrogen bonding. The interaction between CTA and OH
postponed the combination of the Sn'^ ^ and OH" and mesophase was formed through
hydrogen bonding (Wang et al., 2001).
3.2.2 Fabrication of Sn02 Thick-Film Sensorvia Drop-Coating Method
To fabricate Sn02 thick-film sensor, drop-coating method was selected out of
few types ofdeposition method due to its high versatility that was simple to perform yet
could widely influence sensor properties (Fine et al., 2010). Furthermore, unlike screen
printing and physical vapor deposition techniques, drop-coating was relatively cheaper
as not much extra equipment was involved in this deposition method and in fact only a
micropipette wasneeded.
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The powders were dispersed in an ethane1-water solution (15% C2H5OH in
distilled water) using a sonicator yielding 1.85 wt% Sn02 in the dispersion. Then a
micropipette was used to deposit a 100 pL of the dispersion onto a clean alumina
substrate. The alumina wasallowed to dry in an oven at 80 "C for 30 mins and the steps
were repeated to add four more layers on the substrate. After five layers of deposition,
the substrate was calcined at 400 for 2 hours (Bakrania and Wooldridge, 2009).
3.2.3 Characterization of SnOi Thick-Film Sensor
Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX) analysis
SEM analysis was performed to study the microstructure and morphology ofthe
Sn02 surface and to provide visuals ofexternal shape ofpore structure, surfece structure
and pore arrangement. Electron microscope (Quanta FEG450, USA) was used to
conduct SEM analysis at room temperature. The mesoporous and commercial Sn02
sample powders were placed on a carbon double sided tape with the aluminium stub at
the base and coated with gold for electron reflection. The prepared samples were then
vacuumed for 5-10 min before observations and analyses were made at different
magnifications. The SEM analysis used Mn Ka as the energy source and it was operated
at 15 kV of accelerating voltage, 155 eV resolutions and 22.4° take off angle. On the
other hand, EDX is an auxiliary segment of SEM to check the existence of elemental
compositions in the sensor powders. The analysis was carried out by using an OxfordX-
Max EDXmicroanalysis system with an operating voltage in the range of0.1-30 kV.
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X-ray Diffractometer (XRD) analysis
The structure phase and crystallinity of powder samples were studied using X-
ray diffraction (XRD) analysis. The analysis wascarried out using a Philips Goniometer
PW 1820 diffractometer, PW 1710 diffraction controller and X-ray generator PW 1729
operated at 40kV and 120 mA. The resulting analysis wasdescribed graphically as a set
of peaks with % intensity on the y-axis and the goniometric angle on the x-axis. From
the graph, crystallite phases are identified by comparing it with Standard Powder
Diffraction Files from International Centre for Diffraction Data (ICCD). The
diffractometerwas used with monochromatized Cu-Ka radiation (k = 0.154056 nm) and
taken in the rangeof 10 - 90° (20)witha step size of0.01 °.
Surface Area analysis (N2 adsorption-desorption)
Surfece area analysis is conducted to obtain the surfeice area properties of Sn02
powders. Surface area, pore volume and pore distribution properties of Sn02 samples
were measured by nitrogen adsorption-desorption using accelerated surfece area and
porosity analyzer (Micromeritics ASAP 2020, USA). The sample was first degassed for 8
h under vacuum at 350 °C. Then the sample was transferred to the analysis system
where it was cooled in liquid nitrogen. A 25-point analysis was performed at 77 K to
obtain nitrogen adsorption-desorption isotherms by admitting successive known
volumes of nitrogen in and out of the sample and measuring the equilibrium pressure.
The Brunauer-Emmet-Teller (BET) surface area was calculated from the linear part of
the adsorption branches while the pore diameter and the pore size distribution plots were
calculated from desorption branches byusing theBarret-Joyner-Halenda (BJH) model.
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Table 3.2: List ofcharacterization method for Sn02 thick-film sensor.
Method Purpose
X-ray Dif&actionAnalysis
- To investigate the overall crystal structure and phase
(XRD) purity ofSn02
- To obtain the crystallite size ofthe Sn02
Scanning Electron
- To study the surface morphology ofmesoporous Sn02
Microscope (SEM) at different magnification
- To obtain N2adsorption-desorption isotherms and pore
Nitrogen Adsorption-
size distributions ofmesoporous Sn02
Desorption
- To measure Brunauer, Emmett and Teller (BET)
surface area
3.2.4 Sensor Performance Measurement
A gas sensing experimental rig will be set up as shown in the schematic diagram
below. The equipment used includes purified air and ethanol vapour storage tanks,
control valves, mbcer, gas chamber, heater, thermocouple, electrometer and temperature
controller. In the gas chamber, the sensor is connected to an electrometer by a pair of
clips. Then, the heater is allowed to heat up to 150°C and the temperature is measured
by a thermocouple. The purified air inlet valve is opened and its flow rate is set to 300
ml/min while the ethanol vapour inlet valve is opened and its concentration is set io
desired concentration using mass valve controller. A computer which is equipped with
software is coimected to the electrometer and is used for data acquisition, storage and
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plotting in real time for the analysis ofsensitivity ofgas sensor. After the operating
temperature reaches steady state, constant voltage of5Vis supplied. The DC resistance
ofthe gas sensor is measured for every second by electrometer. The data collected is
transferred into the computer and saved. The sensitivity analysis is calculated
automatically by the software. The sensor performance testing is repeated at operating
temperature of200 °C, 250 °C, 300 °C, 350 °C and 400 °C. Then the testing is carried
out for different ethanol concentration from 200 to 1000 ppm for at the optimum
temperature (Johari et al, 2011).
3.3 Schematic Diagram
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Figure 3.1: Schematic diagram ofgas sensing experimental rig.
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Figure 3.2: Preparation ofmesoporous Sn02 nanopowders.
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3.5 Equipment
Table 3.3: List ofequipment required for experiment.
Availability Equipment Model
Analytical balance Shimadzu AY 220
Hot plate stirrer Favorit
School ofChemical
Engineering
Centrifuge
Furnace
Electrometer
Eppendorf5804R
Carbolite ELF 11/63
Keithley 6517 A
BET Surface Area Analysis Micromeritics ASAP 2020
Scanning Electron Microscope Quanta FEG450
Sonicator Fisher Scientific FB 120
Freeze Dryer Telstar Cryodos
School ofMaterial
Engineering
X-ray Diffraction Philips PW 1710
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1 Introduction
The detection of ethanol gas has been conducted using tin dioxide, SnOa-based
thick film gas sensor. Sn02 was selected to be the sensing material due to its chemical
stability and high selectivity towards the target gas, ethanol. Inorder to study the effect
of few parameters on the performance of the gas sensor, mesoporous tin dioxide was
synthesized and was used to fabricate a gas sensor to compare its performance with the
sensor made by commercial tin dioxide powder. The influence of specific surface area
and crystallite size of the sensing material on the performance of the gas sensor were
studied. In addition, the effect ofoperating temperature and concentration of target gas
onthe sensitivity ofthesensor were being investigated aswell.
The operating characteristics of solid state gas sensors, including semiconducting
tindioxide sensors are determined byboth receptor and transducer functions. Hence, it is
very important to synthesize metal oxides with optimal morphology and crystallographic
structure as they determine the efficiency of chemical interactions' conversion into
electrical signal. In this study, tindioxide sample powders were characterized using few
methods which are x-ray diffraction (XRD), nitrogen gas adsorption-desorption
measurement and scanning electron microscope (SEM) and energy dispersive x-ray
(EDX) analysis.
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The structure phase and crystallinity of powder samples were studied using
diffraction XRD analysis. Besides that, specific surface area and pore distribution
properties were measured by nitrogen adsorption-desorption using accelerated surfece
area and porosity analyzer. Furthermore, microstructure and morphology of the tin
dioxide sample powder were studied using SEM analysis while the existence of
elemental compositions of the sensing material powders were checked by using EDX
analysis to ensure tin dioxide was synthesized successfully.
Overall, this chapter is divided into 3 main sections which arecharacterization of
sensing materials, studies on theeffect of operating temperature and concentration target
gas on the sensor performance and lastly the comparison between the performance of
mesoporous and commercial tin dioxide gas sensor.
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4.2 Characterization of Sensing Material
4.2.1 X-RayDiffraction (XRD) Analysis
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Figure 4.1: X-ray diffi-action patterns of: (a) synthesized mesoporous Sn02 and (b)
commercial Sn02.
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The X-ray diffraction patterns of synthesized sample powderand commercial tin
dioxide powder are shown in Figure 4.1. Figure 4.1 (a) has a number of sharp peaks at
different angles (20) that are similar to the pattern shown by the commercial Sn02 in
Figure 4.1 (b). The XRD result showed that the synthesized sample powder had
diffraction peak at 26.5° which corresponded to the (110) reflection plane ofa tetragonal
lattice oftin dioxide as identifiedaccordingto the StandardPower DiffractionFiles from
the International Centre for Diffractions Data, ICCD 00-041-1445. The diffraction peaks
are agree wellwith the rutile (tetragonal) structure of tin dioxide with lattice constants a
= 4.74 and 0 = 3.19.
As observed from Figure 4.1, the diffraction peaks of the synthesized SnOa are
apparently broader than the peaks of the commercial Sn02 particles, indicating the
synthesized Sn02 sample have smaller particle size. As expected, the average crystallite
size ofsynthesized Sn02 particles calculated through Scherrer formula is4.49 nm while
the commercial Sn02 particles are larger with average crystallite size of 70.64 nm.
Through XRD analysis, it is confirmed that Sn02 has successfully been synthesized with
highlycrystalline framework andthe objective is achieved.
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4.2.2 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX)
Analysis
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Figure 4.2: SEM images (a) synthesized mesoporous Sn02 and (b) commercial Sn02
sample.
The SEM images of tin oxide are shown in Figure 4.2 (a) and (b). It can be
observed that there are existences of porosity for both samples and there is some non-
uniformity in the shape of the synthesized SnOa particles compared to the commercial
Sn02 particles. These porous features areextremely important for gas sensing materials
as the target gas can penetrate into the gas sensing film and interacted with the inner
grain and helps to enhance the response of thesensor (Sun et al, 2012).
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Figure 4.3: EDX analysis of synthesized mesoporous SnOa sample.
Figure 4.3 depicts an energy disperse X-ray spectroscopic analysis of the Sn02
powder which is performed coupled to a scanning electron microscope. It shows the
chemical composition present in spectrum 1 that only tin, oxygen, carbon and nitrogen
components are present inwhich carbon and nitrogen are only in very small amount. In
the sample, the oxygen element component is observed to be almost twice that of tin,
hence confirming the chemical composition to be Sn02. The presence of small amount
of nitrogen and carbon elements may be the originated from ammonia solution and
cationic surfactant respectively that involved inthe synthesis process.
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Table 4.1: Chemical composition present inSpectrum 1.
Element Weight % Atomic %
Sn 68298.35 18.03
0 36705.67 71.88
C 2787.77 7.27
N 1258.85 2.82
4.2.3 N2 Adsorption/ Desorption Measurement
Specific surface area and pore size distribution of Sn02 nanoparticles of own
synthesized tin dioxide sample and commercial tin dioxide sample are measured byN2
adsorption using Brunauer, Emmet and Teller (BET) and Barrer, Joiyner and Halenda
(BJH) methods.
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4.2.3.1 Porosity and BETSurface Area andParticle Size ofSynthesized Tin Dioxide
(Sn02) Nanoparticles
W)140
no 100
Adsorption
Desorption
0.4 0.6 0.8
Relative Pressure, P/Pq
Figure 4.4: Nitrogen sorption isothenns ofsynthesized mesoprous Sn02 nanoparticles.
The curve in Figure 4.4 illustrates the sample has similar type IV adsorption
isotherm behaviors with H4 type of hysteresis loops according to the lUPAC
classifications which contains a characteristic step-down in the desorption branch
associated with the hysteresis loop closure (Storck et ah, 1998, Thommes, 2010). This
isotherm reveals a strong hysteresis loop in the P/Po region from 0.5 to 0.7, which is
related to the formation ofbottleneck in the channels (Guo et al, 2011).
This type ofsorption behavior is usually found in mesoporous materials in which
the behavior depends on the fluid-wall attraction and also on the attractive interactions
between the fluid molecules (Thommes, 2010). This leads to the occurrence of
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multilayer adsorption and capillary condensation (Thommes, 2010). Pore condensation
(^)represents a phenomenon whereby gas condenses to a liquid-like phase in pores at a
pressure less than the saturation pressure Pq of the bulk fluid and also represents an
example of a shifted bulk transition under the influence of the attractive fluid-wall
mteractions (Thommes, 2010). Hence jfrom Figure 4.4, it can be deduced that the
synthesized sample is mesoporous tin dioxide as the curve exhibits the mesoporous
characteristic.
rL 20
•s 10
60 80
Pore Diameter (nm)
2 3 4 5 6 7
Pore Diameter (nm)
Figure 4.5: BJH pore size distribution deduced from the desorption branch for the
synthesized Sn02 sample.
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The synthesized sample has a narrow pore size distribution as shown in Figure 4.5
above and it has a pore size of 4.16 nm that further confirms the mesoporous
characteristic of the sample as its pore internal width is within therange of 2 to 50 nm.
This result is very close to the result obtained in the previous study where the pore
diameter of the sample synthesized through similar method was 3.8 nm (Guo et al.,
2011). The formation of narrow size distribution of particles is attributed to the use of
surfactant during the synthesis process that made the nucleation complete at the early
stage and inhibited thecrystal growth (Farrukh et al, 2010).
BET surface area ofthe mesoporous Sn02 is 164.99 m^/g. It is slightly higher than
the result reported in a previous study where the sample was also synthesized through
similar method that having the BET surfece area of108 m^/g (Guo et al, 2011). Apart
from surface area, the average particle size can also be estimated by BET using the
equation below (Gaber er a/., 2013):
D = 6£££ Eq. (5)
pA
Where D is the average particle size in nm, p is the theoretical density of tin dioxide
nanoparticles (6.95 gm/cm^) and Aisthe specific surface area in m /g.
By using the equation, the average particle size of the mesoporous tin dioxide
sample is estimated to be 5.23 nm and is slightly larger compared with the XRD
estimated average particle size.
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4.2.3.2 Porosity, BET Surface Area and Particle Size of Commercial Tin Dioxide
(SnOi) Nanoparticles
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Figure 4.6: Nitrogen sorption isotherms ofcommercial Sn02nanoparticles.
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Figure 4.7: BJH pore size distribution deduced from the desorption branch for the
commercial Sn02 sample.
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The isotherm of commercial SnOa as shown in Figure 4.6 is an intermediate
between type II and type IV, indicating that there is interparticle porosity due to loss in
structural order for commercial SnOa (Sing et al, 1985).
Figure 4.7 shows a broad size distribution of the commercial Sn02
nanocrystallites comparing to the mesoporous Sn02. This is due to the absence of
sur&ctant that led to a comparatively slow nucleation process at the early stage ofthe
synthesis process (Farrukh et al, 2010).
BET surfece area of the commercial Sn02 is 4.55 m /g and is much lower than
the sur&ce area of mesoporous Sn02 sample. Similar to the synthesized tin dioxide
sample, the average particle size can also be estimated by BET using the Eq. (5) above
(Gaber et al, 2013).
By using the equation, the average particle size ofthe commercial tin dioxide
sample is estimated to be 189.74 nm and is larger than the average particle size
estimated by XRD. There are slight discrepancies between the average particle size
estimated by BET and XRD. This may due to the aggregates or agglomerates ofcrystals
present in the sample the result indicates that the particles contain several crystallites
(Gaber et al, 2013).
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Table 4.2: Comparison of properties between synthesized and commercial SnOa
samples.
Properties
Specific Surface Area (m^/g)
Pore size (nm)
Crystalline Size (nm)
Synthesized Sn02
Sample
164.99
9.2262
4.49
Commercial Sn02
Sample
4.55
4.1527
70.64
4.3 Performance ofSn02 Sensor
Figure 4.8 shows the response of mesoporous SnOa sensor to ethanol gas. The
response ofthe sensor is relatedto the gas sensing mechanism ofSn02 sensor.Whenthe
sensor is inair, electrons onthe sensor surface transfer to the air and react with oxygen
to form plenty of oxygen species such as 0^~, 0"and0J and form an adsorbate layer
that covers the surfece of SnOa. The transfer of electrons from the sensor surfece to the
adsorbate layer decreases the electron density on the sensor surface. When the sensor is
exposed to ethanol gas at 200^^ and 600^ seconds, the oxygen ions on the surface react
with ethanol gas and release free electrons back to the sensor. This leads to an increase
of the conductivity and hence results in the decrease in resistance of the Sn02 sensor
(Guo et al, 2011).
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Figure 4.8: Transient responseofmesoporous Sn02 sensor.
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4.3.1 Effect of OperatingTemperatureon Sensitivity ofSnOz Sensor
In this study, the effect ofoperating temperature on the gas sensing properties of
mesoporous SnOa sensor is examined. Figure 4.9 clearly shows that operating
temperature has an obvious influence onthe sensitivity of the sensor indetecting 1000
ppm ofethanol gas, C2H5OH.
It canalso be observed from Figure 4.9 that the sensitivity of the sensor increases
when the operating temperature increases from 150 °C to 300 ®C. However, if the
temperature increases again the sensitivity of starts to decline. The mesoporous Sn02
sensor exhibited the highest sensitivity to C2H5OH at 300 °C. This tendency is also
observed inmany previous studies (Guo et a/,,2011, Pan etal, 2000).
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Figure 4.9: Effects ofoperating temperature onthesensitivity of sensors at 1000 ppm
C2H5OH.
Thisbell shape curve is attributed to a few factors andthey are closely related to
the gas sensing mechanism of Sn02 in detecting C2H5OH. Firstly, the rate of desorption
process of the oxygen species that formed when reacting with ethanol gas on the sensor
increases along withthe increase ofoperating temperature as the oxygen species possess
higher kinetic energy (Umar and Hahn, 2010). This explains the increasing trend of the
sensitivity along with temperature from 150 °C to 300 °C.
Furthermore, the decreasing trend of the sensitivity of the sensor operating at
temperature higher than 300 °C is due to the occurrence ofprogressive desorption ofall
oxygen ionic speciesthat adsorbed on the sensing material as the temperature increases
too much (Wang et al, 2003).
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In addition, another factor that leads to the result shown in Figure 4.9 is related to
the types of oxygen species involved in the gas sensing mechanism. There are usually
two types ofoxygen species involve in gas adsorption anddesorption on Sn02 whichare
0J and 0". 0" ion is the more reactive oxygen ionic species compared to OJ. As
temperature increases, the condition favors the adsorption of 0~ and it becomes the
dominant process on the sensing material which leads to a higher sensitivity of the
sensor. On the other hand, when the temperature exceeds the optimum temperature, the
surface of the Sn02 preferentially adsorbs OJ which are the less reactive ions and hence
the sensitivity ofthe sensor is consequently lower (Wang et al, 2002).
In this study, the optimum operating temperature, where the sensitivity is the
highest is determined as it is crucial for establishing high sensitivityofthe mesoporous
Sn02 to the ethanol gas. It is often observed that tin oxide sensors tend to exhibit a
maximum sensitivity at a particular operating temperature due to the competing rates of
adsorption and desorption of oxygen ionic species on the sensing material (Miller et al,
2006).
4.3.2 Effect of Concentration ofEthanol Gas on Sensitivity of SnOi Sensor
As shown in Figure 4.10, the sensitivity of mesoporous Sn02 sensor exhibits an
almost linear dependency ontheconcentration ofethanol gaswith small fluctuations.
Sensitivity of sensor is calculated as the ratio of resistance in air to the resistance
in target gas while resistance is affected bytheconductivity of thesensing material. The
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higher the conductivity of the sensor, the lower the resistance measured. Physical
adsorption and desorption of a gas at the surface sites of the sensing material followed
by a chemical reaction results in the changes in conductance of SnOa gas sensor
(Gardner, 1989). Higher concentration of ethanol enables more desorption of oxygen
ionic species and allows more electrons to be released to the sensing material after the
chemical reaction. A similar trend is also observed in a previous research where Sn02
nanorods with diameter in 4- 15 nm were used to detect ethanol gas (Chen etal, 2006).
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Figure 4.10: Effects ofconcentration on the sensitivity ofsensors at 300 °C.
4.3.3 Comparison between Mesoporous and Commercial Tin Dioxide Sample
In the experiment, it is found that the sensitivity of mesoporous SnOi is higher
than that of the sensor made by the commercial Sn02 powder. The optimum operating
temperature ofthe mesoporous Sn02 sensor is lower which is 300°C compared to 350°C
for the commercial Sn02 as shown in Figure 4.11.
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Figure 4.11; Sensitivity comparison between mesoporous and commercial Sn02 gas
sensors.
4.3.3.1 Effect ofHighSurface Area on Sensitivity ofSnOz Sensors
Mesoporous Sn02 has a much higher BET sur&ce area compared to the
commercial Sn02. This leads to a higher response and sensitivity of mesoporous Sn02
gas sensor in detecting ethanol gas because high surfece areas are necessary to provide
large reaction contact area between gas sensing materials and target gases (Wang etal,
2010). Furthermore, the mesostructured Sn02 with high surface area is desirable for gas
diffusion into the thick film sensing bodies and thus improving the accessibility of inner
oxide crystals tothe ethanol gas and results in a higher response ofthe sensor (Liu etal,
2009).
49
4.3.3.2 Effect of Crystallite Size on Sensitivity of Su02 Sensors
The experimental results shown in Figure 4.11 indicate that the sensitivity of
mesoporous Sn02 sensor is higher than that of the commercial Sn02 sensor in detecting
ethanol gas. Oneofthe factors that enhance the sensitivity of mesoporous Sn02 sensor is
its small particle size. It is also been studied in previous research that a sensor's
sensitivity can be significantly increased by using materials withvery small grain sizes
(Wang et al, 2010). This is because Sn02 gas sensing mechanism belongs to the
surfece-controlled type and the change of resistant is dependent on the species and the
amount ofchemisorbed oxygen on the surface ofthe sensing material (Guo et ah, 2011).
Small particle sizes ofSn02 increases the free charge carrier's mobility ofthesensor and
thus will be able to increase the response of the sensor (Wang et al, 2010). Hence,
mesoporous Sn02 with smaller particle size has a higher sensitivity compared to the
conmiercial Sn02 sensor.
Overall, mesoporous Sn02 gas sensor has a better sensitivity compared to the
traditional Sn02 due to its better permeability as mesopores provide more space for
ethanol gas molecules to diffuse in and out of the film (Sun et at^ 2012). In addition, it
has a higher surfece area that increases the response region and the irmer parts can also
become active and involve in the gas sensing mechanism and hence, mesoporous Sn02
sensor is more sensitive compared to traditional Sn02 gas sensor.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
Mesoporous Sn02 with high specific surface area were synthesized using a
cationic surfectant (CTAB) as the organic template and the hydrous tin chloride (SnCU
•5H2O) and NH4OH as the inorganicc precursor and alkali source at ambient
temperature.
XRD pattern corresponded with rutile type structure (tetragonal) and its
crystallite size was determined and confirmed to be in the range of mesopore which is
4.16 nm. SEM showed the presence of porosity for the Sn02 particles while BDX
confirms the chemicalcomposition ofSnO* to be Sn02. On the other hand, BET surfece
area ofthe mesoporous Sn02 and commercial Sn02 were determinedwhich were 164.99
m^/g and 4.55 m^/g respectively.
From the experiment, it is observed that the sensitivity of sensor increased with
increasing operating temperature until an optimum temperature. A bell curve was
observed and it is related to the rate ofsorption and types ofthe oxygen ions presence on
the surface of the sensor at different temperature. The optimum temperature of the
mesoporous Sn02 sensor is slightly lower than the commercial Sn02 which is 300°C
compared with 350°C. Furthermore, higher concentration of target gas enhances the
response of the sensor because higher concentration of ethanol enables more desorption
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ofoxygen ionic species and allows more electrons to be released to the sensing material
after the chemical reaction.
The performance of SnOi gas sensor is significantly influenced by the
morphology and structure of sensing materials to achieve highly-sensitive properties.
High surface area provides large reaction contact area between gas sensing materials and
target gases while small crystallite size increases the fi"ee charge carrier's mobility ofthe
sensor and thus will be able to increase the response of the sensor. It can be concluded
that porosity, high surfece area and small crystallite size are desired properties of the
sensor and hence mesoporous Sn02 gas sensor has a better sensitivity compared to the
traditional Sn02 sensor.
5.2 Recommendations
There are some recommendations to be done for future work:
1. Design and fabrication of sensor
Operating temperature of the system is one of the controlling parameter in this studyto
investigate the optimumoperatingtemperature for Sn02 sensor to respondto target gas.
The temperature ofthe systemis increased by the heater installed at the heating chamber
where the sensor is located in. However, to have a more efficient transfer and even
heating ofthe sensor, a micro-heater canbe mounted beneath the sensor to supply direct
heating to the sensor.
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2. Modification ofsensor performance testing rig
The gas sensing measurement rig can be modified to provide a close system to the
sensor. This is to ensure that the sensor responds only to ethanol gas when the target gas
is introduced to system inorder to obtain a more accurate and reliable experiment data.
Besides that, an extra air purging line can be installed to the system to allow a more
rapid cooling ofthe system in reducing the hightemperature ofthe system to operate at
lower temperature. In addition, the gas sensor measurement unit can be modified to
provide a lower concentration of ethanol gas to the system to determine the minimum
detection limit ofthe sensor.
3. Improvementon the sensing material coatingpaste
In this study, drop-coat method is applied to coat the sensing material which is tin
dioxide powder on the alumina substrate. This deposition method is considered cheap
and easy because it does not involve any extra equipment apart from a micropipette.
However in this study, it is observed that the surface of the sensor coated with the
sensing material is not even and the deposition is not stable where the tin dioxide film
can easily be detached from the substrate. This leads to a lower response of the sensor
and affects the reliability of the experiment result. Hence, more studies should be made
to determine the most suitable solvent in preparing the coating paste in orderto provide
better film rigidity onthe substrate to enhance thesensitivity of the gas sensor.
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PEMODELAN SEBARAN MEKANISME TERHADAP MESOPOROUS TIN
DIOKSIDA (Sn02) SEBAGAI SENSOR GAS
ABSTRAK
Semikonduktor sensor gas berasaskan logam oksida telah digimakan secara
meluas dan dikaji dalain pengesanan gas yang berbahaya kepada manusia dan alam
sekitar. Dalam kajian ini, penyelidikan telah dilakukan pada mesoporous stanum
dioksida sensor gas kerana kepekaan yang tinggi dan tindak balas yang pantas. Untuk
meningkatkan prestasi penderiaan, model mekanisma resapan telah dibina untuk
mengkaji kesan kepekatan etanol dan suhu operasi terhadap kepekaan sensor gas.
Mekanisme penderiaan gas dikawal oleh penyebaran gas sasaran menerusi filem
berliang oleh Knudsen resapan dan tindak balas penjerapan oksigen dengan mengikuti
tindak balas kinetik tertib pertama. Dengan menyelesaikan persamaan di bawah
keadaan mantap, satu ungkapan umum bagi penderiaan sensor (Ra/Rg) sebagai fungsi
pemalar pra-eksponen, ao and ko, tenaga pengaktifan jelas, Ea, pemalar gas universal, R,
suhu, T, kepekatan, Cas, ketebalan filem, L, tenaga pengaktifan, Ek, jejari liang, r and
berat molekul bagi sasaran gas, Mtelah diterbit. Berdasarkan keputusan yang diperoleh
daripada eksperimen, sensor menunjukkan peningkatan kepekaan dengan peningkatan
kepekatan etanol pada suhu 300°C. Dengan membandingkan hasil model dan keputusan
eksperimen untuk variasi etanol terhadap kepekaan, R^ yang menunjukkan ketepatan
data-data yang diperoleh muat dalam model statistik adalah 0.76. la menandakan data
yang dikumpul dari eksperimen tidak mencapai ketepatan yang memuaskan dalam
model ini. Pengubahsuaian untuk model telah dilakukan dengan memperkenalkan
Thiele Modulus dan R^ berjaya dipertingkatkan ke 0.92. Selain itu, dengan
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memanipulasi suhu operasi, keputusan eksperimen menunjukkan graf kepekaan
berbandingsuhu yang berbentuk loceng. Walaubagaimanapun, setelah membandingkan
hasil model dan keputusan eksperimen, la menunjukkan bahawa hubungan antara
kepekaan dengan variasi suhu operasi tidak dapat mencapai ketepatan yang memuaskan
dalam model ini kerana yang diperoleh adalah nilai negatif. Oleh itu, ia dapat
diringkaskan bahawa model ini hanya sesuai untuk diaplikasikan dari segi variasi
kepekatan etanol. Dengan menggunakan model ini, analisis kepekaan telah dilakukan
berasaskan ketebalan filem, L dan jejari liang, r. Merujuk kepada keputusan yang
diperoleh dari model, ia menunjukkan bahawa kepekaan meningkat apabila ketebakan
filem menurun pada suhu operasi 300°Cdisebabkan interaksi antara gas sasaran dengan
permukaan sensor yang semakin kuat. Dengan menukarkan jejari liang dalam model ini,
kepekaan sensor gas meningkat dengan peningkatan jejari liang pada suhu yang tetap,
iaitu 300°C dan ia dapat dijelaskan dengan menggunakan persamaan Knudsen pekali
resapan, Dk.
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DIFFUSION MECHANISM MODELING ON MESOPOROUS TIN DIOXIDE
(Sn02) AS GAS SENSOR
ABSTRACT
Semiconductor gas sensors based on metal oxide have been widely used and
investigated in the detection oftrace amount ofhazardous gases which are harmful to
human beings and environment. In the present study, research had been done on
mesoporous tin dioxide gas sensor due to its high sensitivity and fast response. For
improvement ofgas sensing performance, adiffusion mechanism model was developed
to study the effect of ethanol concentration and operating temperature on sensitivity of
gas sensor. The gas sensing mechanism was governed by diffusion oftarget gas through
the porous film by Knudsen diffusion and its reaction with the adsorbed oxygen by
following a first-order reaction kinetic. By solving the equation under steady-state
condition, a general expression ofsensitivity (Ra/Rg) as a function of pre-exponential
constants, ao and ko, apparent activation energy, Ea, universal gas constant, R,
temperature, T, concentration, Cas, film thickness, L, activation energy, Ek, pore radius,
r and molecular weight oftarget gas, Mwas derived. Based on the result obtained from
experiment, it is noticed that the sensor showed an increasing trend ofsensitivity with
the increasing ofethanol concentration at300°C. By comparing the modeling result and
experimental result for the variation of ethanol on sensitivity, R^ which indicates how
well the data points fits a statistical model was 0.76. This signifies that the experimental
data could not be satisfactory fit into the model created. A modification of the model
was done by introducing Thiele Modulus and R^ was improved significantly to 0.92.
Besides, bymanipulating the operating temperature, the experimental result showed that
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the sensitivity versus temperature led to a bell-shaped graph. However, after comparing
the modeling result with experimental result, it showed that the relationship between
sensitivity and various operating temperature could not be fit into the model as
obtained was in negative value. Therefore, it can be summarized that the model is only
suitable for the variation of ethanol concentration. By using the model, sensitivity
analysis was done based on film thickness, L and pore radius, r. Based on the modeling
result gained, it is shown thatthe sensitivity increased asthe film thickness decreased at
operating temperature of 300°C due to the stronger interaction between target gas and
the surface of sensor. By changing the pore radius in the model, the sensitivity of gas
sensor increased with increasing pore radius at fixed temperature of 300°C which can be
well explained by the equation ofKnudsen diffusion coefficient, Dk.
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CHAPTER ONE
INTRODUCTION
1.1 Metal Oxide Semiconductor Gas Sensors
Gas sensors based on semiconducting metal oxide (SMO) are one ofthe most
widely researched groups of chemiresistive gas sensors. The process involved in SMO
sensors is the exchange of electrons with the selected gas through reduction and
oxidation. The metal oxides as possible sensitive materials for gas sensors and its
reaction with gases were introduced by Brattein (Brattain and Bardeen, 1953) and
Heiland (Heiland, 1957) in 1950's. Later, Bielanski (Bielanski et al, 1957) and
Seiyame (Seiyama et al, 1962) introduced the direct applications ofSMO sensors as
catalyst and electric conductive detectors towards various gases and brought to the
market byTaguchi (Taguchi, 1971).
Metal oxide semiconducting sensors detect awide range ofgases, including CO,
NO2, NH3, H2S, CH4, and awide variety ofvolatile organic compounds (VOCs) and the
metal oxides used for sensors materials are Ti02, ZnO, Mn203 and WO3 (Kish et al,
2007). The performance of gas sensors is closely related to their sensitivity, selectivity
and response time towards the targeted gas (Kanan et al, 2009). As there is no an exact
defmition of sensitivity for gas sensor, sensitivity can be determined by Ra/Rg for
reducing gases and Rg/Ra for oxidizing gases (Wang et al, 2010). Selectivity is the
measurement ofthe ability ofagas sensor to identify the presence ofparticular gases in
a multicomponent media which can be very difficult to accomplished under normal
atmospheric conditions (Some et al.^ 2013). Response time is defined as the time
needed for reaching 90% of the maximum response when the sensors come into contact
with thetargeted gas (Chen et al, 2012). The performance ofgas sensor can beaffected
bymanipulating theoperating temperature and theconcentration ofthedetected gases.
During thepast few decades, SMO based gas sensors have grown in popularity
in domestic, commercial, industrial gas sensing systems and environmental monitoring.
This is due to the several advantages such as low cost, small size, simplicity oftheir use,
high sensitivity, stability and durability (Kanan et al, 2009). Hence, there are many
researchers inacademia and industry are further studying to enhance theknowledge and
its applications in the particularfield.
1.2 Synthesis of a Gas Sensor
A gas sensor is normally assembled by a sensitive layer deposited onto a
substrate with the presence of electrodes heated by its own heater to measure the
electrical characteristics such as current (Barsan and Weimar, 2001). In this present
study, the mesoporous structure Sn02 gas sensor is synthesized by nano-casting method
whereby silica is used as a hard template. To increase the sensitivity ofthe gas sensor,
the concept oflarge specific surface areas and uniform large mesopores which results in
ahigher probability ofa gas to interact with the sensor isapplied (Wagner etal, 2006).
1.3Applications of Metal Oxide Semiconductor Gas Sensor
Metal oxide semiconductor gas sensors have been widely used to detect the trace
amounts ofgases in environment that can affect human's health. Semiconducting tin
dioxide displays sensitive gas-sensing properties in detecting various gases such as CO,
NOx, NH3 and others (Wagner et al, 2006). In many areas like food processing
industries, fertilizer manufacturing industries and chemical technology, a sensitive gas
sensor is essential to detect the trace amount ofammonia released. Volatile organic
compounds (YOG) which are harmful to human beings and environment need to be
detected by a sensor and treated as well instead of releasing to the environment
unnoticeably. Some of the examples of YOG are acetone, benzene and ethanol. Since
hydrogen is apotential alternative fuel by converting into electricity, asensor designed
for detecting leakage ofhydrogen gas is definitely greatly needed to prevent forming of
an explosive mixture in the environment (Kanan etal, 2009). Besides, hydrogen sulfide
(H2S) which occurs naturally in crude oil and generated by several industrial sector
need to be controlled as it cause toxic effect on human health.
In 1962, tin dioxide semiconductor was proposed by Seiyama (Seiyama etal,
1962). Since then, gas sensor technology has been developed and the issues risen from
toxic and polluted gas promotes the further improvement in the production and
performance of sensors forvarious gasdetection.
1.4 Problem Statement
Metal oxide semiconductor gas sensors have gained the attention ofmany users
and scientists in the field of gas detection system under atmospheric conditions due to
• 1
I i
their unique advantages. Tin dioxide, SnOa is known as one of the most sensitive
material for gas sensors (Barsan and Weimar, 2001). Since gas sensors based on
semiconducting metal oxide have been identified, many research works have been done
on the particular type of sensors. However, the lacking of a general applicable model
that fits the basic principles and measurable sensor parameters has been an obstacle for
the improvement ofsensing performance.
In this present study, a mathematical diflusion model is proposed to study the
effect of operating temperature and concentration of targeted gas on the sensitivity of
mesoporous Sn02 gas sensors. Thereafter, the model is validated byexperimental data
with a hope that it will be successful to be used to optimize the performance of gas
sensors. The work presented here is expected to be one step towards a general
applicable model to be used for real world gas sensors.
1.5 Research Objectives
Thispresent study is to achieve the following objectives:
1. To propose a gas diffusion mechanism model that suits for mesoporous Sn02 gas
sensor.
2. To apply the gas diffusion mechanism model by studying the effect of ethanol
concentration on the sensitivityof mesoporous Sn02 gas sensor.
3. To study the relationship between the operating temperature and the sensitivity of
mesoporous Sn02 gas sensor based on the gas diffusion mechanism model.
4. To perform sensitivity analysis for the variation offilm thickness and pore radius on
sensitivity of gas sensor based on the model.
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1.6 Scope of Study
There have been several incident of spillage or leaking of ethanol into the
environment. As we all know, ethanol is ahazardous volatile organic solvent which can
cause harm to human health in case of skin contact, eye contact or inhalation. In this
study, the target gas for the gas sensor is ethanol vapor with the hope that the model
developed could help in improving the performance of gas sensor in detecting the
ethanol vapor in the tested area. Various concentration of ethanol vapor which is going
to be detected by the particular gas sensor is analyzed using agas chromatography. For
this case, the concentration ofethanol vapor and operating temperature are manipulated
to study their effect on the sensitivity of sensor. The sensitivity is based on the
resistance of gas sensors in the reference gas which is air and the resistance of gas
sensor in the reference gas with the presence oftarget gas at different conditions (Wang
et al, 2010). The results obtained are used to validate the proposed diffusion model.
In 1962, the adsorption and desorption of gas on the surface ofmetal oxide
which alter the conductivity ofthe materials had been introduced (Seiyama et al, 1962).
Hence, it can be said that there are two mechanism involved in amesoporous thick-film
Sn02 sensor, which are surface adsorption-desorption and diffusion. The gas molecules
diffuse into the sensor at certain rate by surface reaction. Under steady state condition,
when the diffusion depth increases, the concentration of gas in the sensing layer
decreases (Sakai et al, 2001). Thus, mass transport and surface reaction must be
considered when studying theperformance of sensor.
The gas dijSusion mechanism model proposed would take the difiusion of
various ethanol gas concentrations into the mesoporous thick film and operating
temperature into consideration. The effect of the two parameterson the sensitivity ofthe
gas sensor is studied. Then, sensitivity analysis is performed to determine how the two
input parameters which are film thickness and pore radius will affect the output of the
model, sensitivity ofgas sensor based on the model created.
1.7 Organization ofThesis
Generally the thesis consists of five chapters. Chapter One gives an outline of
the thesis which includes the introduction to metal oxide semiconductor gas sensor with
their applications to environment and human beings. This chapter also covers with
problem statement to illustrate the creation of model for the gas sensor system. The
research objectives, scope of study and organization of thesis provides the general idea
for the whole research.
Chapter Two reviews the literature regarding the semiconductor gas sensordone
by previous researchers. The type of gas sensor, morphology and microstructure,
characteristics of mesoporous thick film Sn02, effectof operating temperature on Sn02
sensor, effect of concentration on sensitivity of Sn02 sensor, reactor kinetics and gas
sensingmechanism ofmesoporous Sn02 are studied in this chapter.
Chapter Three discusses the method used to develop gas diffusion equation and
the experimental procedure used to collect the data required to fit into the model.
Numerical software used in this study is Polymath non-linear regression.
Chapter Four comprises ofresults and discussion ofthe study. The modeling of
gas diffusion with the effect of concentration of ethanol and operating temperature on
sensitivity ofgas sensor are developed and compared with the experimental result. Next,
sensitivity analysis isperformed based on the model bychanging thefilm thickness and
pore radius.
Chapter Five provides the conclusion of the whole thesis and recommendations
for future work in the gas sensor.
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CHAPTER TWO
LITERATURE REVIEW
2.1 Types of Gas Sensor
In general, conductivity of semiconducting materials occurs because of the
interstitial cation and anion vacancies present in the structure (Huang and Wan, 2009).
Semiconductor metal oxide gas sensors operate by virtue of gas adsorption on the
surface that creates a change in the electrical resistance of the oxide (Huang and Wan,
2009). Based on the charge carrier, there are two types of semiconducting materials,
namely n-type and p-type. The oxidizing gases decrease the conductance of n-type
semiconducting materials in which the electrons are the major carrier and increase the
conductance of p-type semiconducting materials in which holes are the major carrier.
By contrast, reducing gases act in reverse manner (Arafat et al, 2012, Huang and Wan,
2009).The mesoporous tin dioxide studiedin this research is a n-typegas sensor.
2.2 Morphology and Microstructure
A research done by (Zhang and Liu, 2000) to study the effect of composition,
microstructure, and defect chemistry on sensing performance of gas sensors based on
CuO-doped Sn02 using sol-gel derived nano-sized powders. Figure 2.1 shows the
morphologies of Sn02 (CuO) powders which was annealed at different temperature:
600°C, 800°C, 1000°C and 1200°C. As the annealing temperature and particle size
mcreased, the surface area decreased. Hence, to produce ahighly porous surface which
IS preferred for gas sensor applications, it is suggested to be atuiealed below 1000°C.
Another work was done by preparing Nano-Sn02 powder via hydrothennal
method. Figure 2,2 shows the SEM image ofthe sample. The paiticles are dispersed and
uniform in shape and size. They are nearly spherical with diameters about 23-30 nm
(Chen e/cr/.,2012).
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IFigure 2.2: SEM micrograph of nano-SnOz powder
2.3 Characteristics of Mesoporous Thick film SnOi
Among various metal oxides, SnOz shows the highest potential materials for
semiconductor gas sensors operated at elevated temperatures (200-600°C). By
controlling the morphological features of the materials during the chemical synthesis,
the gas sensing performance can be improved. Based on the defmition from
International Union of Pure and Applied Chemistry (lUPAC), mesoporous materials are
those that haveporediameters between 2 to 50nm (Rouquerol et al, 1994). Mesoporous
materials have high specific surface areas, regularly uniform of large mesopores and
good structural stability. Thus, it results in a higher probability for the target gas to
interact with the semiconductor gas sensor and therefore increase the sensitivity of the
materials (Wagner et al, 2006).
According to Wang, Ma et al. (2001), the mesoporous structured tin oxide was
synthesized under acidic conditions at ambient temperature by using a cationic
surfactant (cetyltrimethylammonium bromide; CH3(CH2)i5hr(CH3)3Brl as the organic
supramolecular template and the hydrous tin chloride (SnCU-SHbO) and NH4OH as the
morgamc precursor and counterion source. From the result, the average pore diameters
ofmaterials were about 22 and 24 Aand the surface areas were about 368 and 343mVg
for calcination at 300 and 350 °C respectively. The formation of the tin oxide
mesostructured material was proposed due to the presence of the hydrogen-bonding
mteractions between supramolecular template and inorganic precursors Sn"-" and OH".
Based on the research done by Hyodo, Nishida et al. (2002), the thermal stability
of synthesized of ordered mesoporous Sn02 was improved by the treatment with
phosphoric acid (PA) depressing the growth of SnOa ciystallite during calcination at
elevated temperatures and then maintaining the ordered mesoporous structure, while the
volume of ordered mesopores decreased. At optimum conditions, an ordered
mesoporous structure (dioo=ca. 3.2nm) with alarge specific surface area (ca. 305 m^ g"')
was obtained after calcinations. However, the enhancement in Hb sensitivity of
mesopores was not so remarkable despite the large specific surface area (ca. 305 m^ g"')
and small crystallite size (ca. 2nm). In 2003, Hyodo, Abe et al. (2003) chaiacterized
Sn02powders with ordered and hexagonal mesoporous structure (dl00»4.4nm) having
asmall crystallite size of 1.6-2.0 nm, and the size of agglomerated secondary particles
tended to decrease with decreasing the concentration ofaSn source and asurfactant in a
precursor solution. The m-SnOa powders exhibited excellent H2 sensitivity in
proportion to surface area and high NO sensitivity comparable to NO2 sensitivity.
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According to Wagner, Kohl et al. (2006), the synthesis and CO gas-sensing
properties of mesoporoustin (IV) oxides (Sn02) by using cetyltrimethylammonium
bromide (CTABr) as a structure-directing agent was proposed. The sensors showed a
high sensitivity at low CO concentrations and turned out to be largely insensitive
towards changes in the relative humidity.
2.3 Effect of Operating Temperature on Sensitivityof SnOz Sensor
Despite the high capacity to adsorbed gases and ability to change the surface
conductivity during reactions, Sn02 gas sensors have some disadvantages. One of the
main disadvantages is high operating temperature. Temperature influences the physical
properties of semiconductors and the reaction sites since the target gases are adsorbed
on element surface, hence it significantly affects the sensitivity and the sensing
mechanism of Sn02 sensors.
Based on the research published, the results showed that the resistance ofSn02
gas sensor was strongly dependent on temperature (Spichiger-Keller, 2008, C.
Bruckner-Lea). With the temperature increasing fi"om room temperature to 120°C, the
resistance decreased but increased back after the temperature increased fi"om 120°C to
250°C. The surface of Sn02 is mainly covered by oxygen species. At roomtemperature,
O2 should be the main species over the sensor surface below 120°C. With increasing
temperature, O2 desorbed firom the surface and O2* is converted to 20 with increasing
surface conductivity. This phenomenon symbolizes that a critical temperature exists in
between the equilibrium ofadsorption and desorption process. As the body temperature
of sensor is 135®C under working condition, the sensor is active to H2 and hydrocarbon
12
and inactive to CO. Figure 2.3 shows the relationship between resistance of gas
and temperature.
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Figure 2.3: Sensor resistance with temperature. (2004, C. Bruckner-Lea)
According to Chen, Zhou et al. (2012), the response of nano-Sn02-based gas
sensor to hydrogen and carbon monoxide increased until acertain operating temperature
and then decreased. This can be explained by dynamic equilibrium state of adsorption
and desorption. The optimum operating temperature for carbon monoxide and hydrogen
were revealed to be about 360°C and 4000C respectively. Thus, it indicates there is a
maximum response ofgas sensor at certain temperature.
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Another work done by Tan, Zhu et al. (2000) shows that the sensitivity
increased initially as the operating temperature increased until a certain limit. It was
found that the highest sensitivity was at 845 for the sample with j:s6.4mol% of Sn02
and operated at 257°C.
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2.4 Effect ofVarious Gas Concentrations on Sensitivity of Sn02 Sensor
Liu, Gong, et al. (2009) studied the sensor response of tin oxide thin film
towards various concentration of H2S gas at the temperatures of 30, 150 and 250°C.
From the result shown in Figure 2.6, it can be clearly seen that the response was
depressed by higher operating temperature and reached saturation at higher
concentration. It indicates that the sensor has limitation in measurement when most of
the adsorbed oxygen has reacted with the gas (Liu et al, 2009).
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Figure 2.6: Sensor response of thin films atdifferent temperatures of30,150 and
250°C. (Liu etfl/., 2009)
Another research done by Song, Wang et al. (2009) determined the sensor
performance of the mesoporous Zn02-Sn02 nanofibers towards various ethanol
concentrations. Based on the result obtained, it was found that the film exhibited high
sensitivity, quick response and recovery, good reproducibility and linearity in the range
3-500ppm ofethanol concentrations at 300°C. The responses ofm-Z-S nanofibers film
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were 4, 12.8, 21, 88, 155, 268, and 423 to 5 ppm, 50 ppm, 100 ppm, 500 ppm, 1000
ppm, 2000 ppm, and 4000 ppm of ethanol gas, respectively. It is concluded that the
sensitivity ofsensor increased with the increase ofethanol concentration until itreached
saturationat lOOOOppm (Song et aL, 2009).
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Figure 2.7: a) Four cycles ofresponse-recovery characteristics ofm-ZrS nanofibers
exposed to different ethanol concentrations, b)Sensitivity versus
ethanol concentration in the range 5-lOOOOppm. (Song et al., 2009)
Figure 2.8 shows the response ofnano-Sn02-based gas sensor to hydrogen and
carbon monoxide as a function of gas concentration at their optimum operating
temperature. It can be seen that the gas response increased at different degrees with
increasing of gas concentration. The gas response curves met the quasi-linear
relationship with the concentration ofthe detected gases, satisfying the requirements of
engineering application for on-line monitoring (Chen etaL, 2012).
16
:^0
40
- ---CO
i 30
-
'i -
10
0 1 1 . 1 . . .
^0 40 60 SO 100
Gas conceuiratioa ppm
Figure 2.8: Gas response ofsensor towards various gas concentration
(Chen etal, 2012).
2.5 Reaction Kinetics and Gas Sensing Mechanism ofMesoporous SnOi
2.5.1 Gas SensingMechanism
Sn02 based semiconductor gas sensors have been widely investigated and
applied for the purpose of practical applications such as gas leak detectors and
environmental monitoring. Most of the hazardous gases emitted fiom various sources
are present at low concentration, so good sensing characteristics are essentiai in
detection ofthose gases. In this study, ethanol which is hazardous to human beings and
the environment isthe target gas for the sensors.
When an n-type semiconductor particle which is SnOi in this research is
exposed to air, oxygen molecules adsorb on the surface of the particles and form O2"",
02^ O^-ions by capturing electrons from the conductance band, hence produces an
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electron-depleted space-charge layer in the surface region of the particle (Morrison,
1987), Molecular-type adsorbates (O2, 02~), dissociative type one (02^~) and surface
(lattice) oxygen (0^") are confirmed to exist on the surface of an n-type semiconductor
particle (Yamazoe et ai, 2003). The target gas (ethanol) may undergo two routes of
decomposition reaction, which is dehydration anddehydrogenation (Xuet al, 2008).
C2H5OH —> C2H4+H2O (acidic oxide)
2C2H5OH 2CH3CHO+ H2(basic oxide)
It is noticed that the formation of acetaldehyde plays a key role in the gas sensing
mechanism of alcohol as its formation increases the response to alcohol (Xu et al,
2008). This means that the second oxidation route via CH3CHO is more preferred than
the otherin the detection of ethanol gas.The reaction is as below (Xuet al, 2008):
2C2H5OH (ad)+ 022-(ad) 2C2H40-(ad) + 2H2O
C2H40-(ad) CH3CHO (ad) + e-
Therefore, the net reaction is:
2C2H5OH (ad) + 022-(ad) 2CH3CHO (ad) +2e-
2.5.2 Surface Reaction and Models for Gas Sensors
There are two types of adsorption, namely physisorption and chemisorption.
Physisorption is the first step of the association of gas species with the sensor surface
while chemisorption is the exchange of electrons between the adsorbed species and the
material surface (Huang and Wan, 2009). Due to exothermic properties, physisorption
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predominates at low temperature range. Chemisorption, on the other hand which is
endothermic process dominates athigh temperature range.
When exposed to air, tin-oxide particles adsorb oxygen atoms on the surface.
The adsorption ofoxygen that occurs on the surface ofthe semiconducting metal oxides
canbe described by the reaction below (Faglia et al, 1994).
l/2 02(g) + 2e-=2 0-(ad)
The electrons from the conduction band oftin oxide are taken up bythe oxygen
atoms, forming O* and adsorbed on the surface of particles. The depletion of electrons
creates a layer of positively charged donor atomjust below tin oxide surface while the
surface is surrounded with negatively charged O" ions. The depth of the space-charge
layer depends on the surface coverage of oxygen adsorbates and intrinsic electron
concentrationin the bulk (Debyelength). (Seal and Shukla, 2002)
2.5.3 Gas Diffusion Model
Every semiconductor gas sensor is fabricated with a porous sensing layer of
semiconducting oxide. The target gas molecules diffuse in the sensing later and are
consumed gradually by reacting with theadsorbed oxygen inthe surface. In other words,
the diffusion of target gas and its reaction with the adsorbed oxygen occurs
simultaneouslyin semiconductor metal oxide gas sensors.
It is known that the mechanism of gas diffusion tlnough porous materials
depends on the size of pores, while the surface diffusion, Knudsen diffusion and
molecular diffusion occur as the pore size increases. Knudsen diffusion is known to
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prevail in the pores' radius ranging from 1 or 2 to lOOnm. Knudsen diffusion constant
(Djc) is defined by temperature (T), pore radius (r) and molecular weight (M) of the
diffusing gas, as shown in the equation below(Sakai et al, 2001):
^ ^ 2RT
^ ~ 3 J TIM (Eq.2.1)
Here R is Gas constant.
The surface reaction of target gas molecules and the adsorbed oxygen is
assumed to follow a first order kinetics. By taking the two assumptions which are
Knudsen diffusion and a first-order surface reaction, the diffusion equation is
formulated (Sakai et al, 2001).
££d- n
dt ^ dx^ kCi (Eq. 2.2)
Here, Q is concentration of target gas, t is time, is Knudsen diffusion coefficient, x
is distance (depth) from top surface of the sensing layer andk is rateconstant.
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Figure 2.9: Modelsof gas sensingfilm: (a) actual model, (b) equivalent model
At steady state, ^ =0, therefore
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g^2 f<-^A - 0 (Eq. 2.3)
The general equation is expressed as:
Q = C,exp + C,exp (Eq. 2.4)
Here, Ci and C2 are integral constants.
2.5.4 Relationship between Sensitivity and GasConcentration Profile
As the diffusion depth of a sensor film increases, the gas concentration
decreases due to the surface reaction. Consider the film is a uniform stack of
infinitesimally thin sheet; the electric conductance is given by cr(x), where xis depth
from the surface offilm (Sakai et ah, 2001). Integrating (j(x^ over the whole range ofx
(x = 0- L) has been proposed to get the conductance ofthe whole film (Williams,
1987).Assume that the sheet conductance under exposure to the gas, <t(x), normalized
by that in air (ctq), islinear to the target gas concentration (Q).
a(x) = ao{l'\raCA) (Eq.2.5)
Here, a is sensitivity coefficient. The equations of whole resistance of the film in air
{Ra) and in the air containing the target gas {Rg) are given as follows (Sakai et ah,
2001):
^ = (Eq.2.6)
~={^a^dx (Eq.2.7)
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Here, L is the thickness ofthe film.
Hence, the gas sensitivity if the film, S, is defined as the ratio of Ra to Rg in the
function ofgas concentration, asexpressed asfollow (Sakai et al, 2001):
5 =|2(Q (Eq.2.8)
2.5.5 Relationship between Sensitivity and Operating Temperature
Operating temperature is another parameter affecting the sensitivity of a gas
sensor. It can be clearly seen that Knudsen diffusion coefficient, and rate constant, k
dependon temperature (Sakaiet al, 2001).
k=/coexp(-^) (Eq- 2.9)
Here, isactivation energy offirst order reaction and ko ispre-exponential constant.
Another temperature dependent term, sensitivity coefficient a transduces the gas
—solid interaction into a relative change ofelectrical sheet conductance. The rates ofthe
consumption ofadsorbed oxygen by the target gas and the supply ofadsorbed oxygen
from the gas phase can determine the concentration ofadsorbed oxygen at the steady-
state. Therefore, the sensitivity coefficient a is expressed as (Sakai etal, 2001):
a=aoexp(-^) CEq* ^-1^)
Here, is apparent activation energy for the transduction process and Uq is pre-
exponential constant.
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2.6 Effect ofVarious Film Thickness on SnOa sensitivity
Previous works were done to study the relationship between film thickness and
sensitivity of metal oxide semiconductor gas sensors. Indium oxide thin film were
grown at two different thickness, 100 and 250nm for ammonia, a reducing gas for
indium oxide detection (Makhija et ah, 2005). Result shows that the thinner film of
lOOnm exhibit higher sensitivity than the thicker film (Makhija et al, 2005). This is due
to the increase in depletion region contributed by chemisorbed oxygen. The same type
ofsensors with film thickness ranging from 150 to SOOnm were used for the detection
of ethanol vapor (Makhija et al, 2005). However, it is reported that there was no
significant change insensitivity asfilm thickness increased.
Temperature (K|
-IOC ffWT«
-2SC nm
Figure 2.10: Sensitivity towards ammonia gas versus temperature at two different
thickness ofindium oxide thin films (Makhija etaL, 2005).
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Figure 2.11; Sensitivity towards ethanol vapor versus temperature at different
thickness of indium oxide thin films (Makhija et al, 2005).
Another research work done by Chang, Kuo et al. (2002) studied the effect of
thickness on ZnO:Al thinfilm CO gassensor. It is found that the sensitivity increased as
the film thickness decreased under operating temperature of 400°C. The reason is the
grain size is smaller for 65nm film compared to thicker film and hence larger total
surface area for the adsorption-desorption site (Chang et al, 2002). Also, the thin film
becomes closerto the thickness ofdepletion region(Park et al, 1998a).
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Figure 2.12: The relation between sensitivity and operating temperature of as-
deposited AZO films under lOOOppm CO atmosphere
(Chang ei al, 2002).
2.7 Effect of Various Pore Radius on Sn02 Sensitivity
The pore size dependence of the sensitivity of gas sensor for detection of
hydrogen was studied by testing with differentsamples with pores sizes ranging from a
few nanometers to 35nm (Abburi and Yeh, 2012). The result shows that the sensitivity
increased from 0.6% for control sample with no pores to 3.5% for 35nm sized pores on
the thin film which can be well explained by using Knudsen diffusion coefficient, Dk
(Abburi and Yeh, 2012).
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Figure 2.13: Percent change in resistance of control sample and different pore-
sized nanoporous Ft thin film at 25°C and lOOOppm Bb
(Abburi and Yeh, 2012).
Another work was carried out on amperometric nitric oxide sensor to study the
effect of various pore size on the diffusivity within the film barrier (Do et al, 2002).
Based on the result obtained, as the pore size of PTFE film increased from 0.2 to
10.0pm, the diffusivity of nitric oxide within the diffusion barrier increased from
8.57x10'® to 1.45xlO"®cmV^(Do et al, 2002). Therefore, the sensitivity of gas sensor
also increased.
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CHAPTER THREE
MATERIALS AND METHODS
In order to achieve the objectives as stated in Chapter One, a gas difiusion
mechanism model on mesoporous tin dioxide (SnOa) as gas sensor in detecting ethanol
vaporwas proposed. The model created is used to study the relationship of various gas
concentration andoperating temperature towards the sensitivity of the gassensor.
First, a suitable equation based on the gas difiusion mechanism theory was
derived to represent the difiusion characteristics of the mesoporous Sn02 gas sensor.
Suitable parameters were taken into account for the equation. The equation formulated
based on the difiusionmechanism were simulated using Polymath and MicrosoftExcel.
By using the model developed, the two parameters were studied. Experiment was then
carried out to collectthe data regarding the sensitivity of gas sensorby manipulating the
two parameters. The experimental result was used to validate the model in order to
determine if the model fits with the experimental data. If the validation succeeded,
sensitivity analysis based in the model was performed to study the effects of film
thickness and pore radius on the sensitivity. Else, modification on the model need to be
done to improve in the validation part. A general flow of the methodology is shown in
Figure 3.1.
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Figure 3.1: Flow diagram of methodology.
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3.1 Gas Diffusion Mechanism Model
Lanthanum dopants was used in this study as it is proposed to be a promising
promoter for Sn02-based sensors for detecting ethanol (Shi etal, 2009, Van Hieu et al.,
2008). Here, the diffusion mechanism will be derived mathematically and modeled
numerically.
For the gas diffusion model, a few assumptions are made which are stated below
(Sakaie/<7/., 2001).
• Theporous structure which should be irregular consists of uniform pores with a
radius, r.
• The gas concentration inside thefilm decreases with increasing diffusion depth
due to reaction on the surface ofthe film.
• The gas molecules react withthe adsorbed oxygen ofthe semiconducting oxide
sensor used and the reaction follows the first order kinetics.
ConsiderKnudsen diffusion and first ordersurfacereaction, a diffusion equation is
developed.
^ = (3.1)
Where Ca = concentration oftarget gas. t = time, Dk = Knudsen diffusion constant
coefficient, x = distance from the top surface ofthe sensing layer and k = rate constant.
At steady state,= 0, therefore
ot
Dk^-kC^ =0 (3.2)
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Equation 4.2 is thenmultiplied by L^fCAsD^ »
acf)^ n, \cj -"
The equation is then written in the following form.
m = 0 (3.4)1 £!(n_A2rr^_8(0^
VfheTe,r=-^.^ = -.4>=Cas ^ i ^ yjOk
The equationis to be solvedwith dimensionless boundarycondition which is at f =
0, r =1and atf =1/f^-
Hence F —sinh<f)sinh<f>^ _ co5fc[0Cl~f)]
' cosh4> coshcf)
By substituting the dimensionless constant into Equation 3.5,
cosh[
Ca 1
. IfcLZ
cosh
cosh[l(Jg)(l-f)
COShttt-xM/tJ;)]
Ca =Cas—(3-6)
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Where,
Cas is the concentration ofdiffusing gas outside the film
Dis Knudsen diffusion constant which is determined by temperature, T, pore radius, r,
universal gas constant, R, and molecular weight ofthe target gas, M.
P, 4r 2RT
(3.7)
k isArrhenius constant which isdetermined by first order reaction activation energy, Ek,
and temperature of the system,T.
k=koexpC^) (3.8)
Based onthestudy of the effect of various gas concentration on mesoporous tin
oxide sensor (Sn02), it is known thatthegas concentration decreases as the depth of the
gas flowing increases due to surface reaction. An assumption is made that the sheet
conductance under exposure to the gas, <t(x) normalized by that in the air, ctq is linear
to the targetgas concentration, Cj^ (Sakai et al, 2001).
aix) - o-o(l + ccCa) (3.9)
The equations of whole resistance of the film in air (Ra) and in the air containing the
targetgas (Rg) aregivenas follows.
t =-C (3.10)
^ L Lt
r^Jo = Jo '^ oO- + (3,11)
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Performing integrationofbotli resistance,
R. = — (3.12)
^ =(Tot +(ToiaC^jtanh[i
^s= nrT (3-13)
abi+ffoi«Cyi5tanh[L( /-J]
Since the sensitivity of gas sensor is defined as Ra/Rg, therefore the equation can be
summarized as follows,
^ ^ 1+aC^t«n/i[L (Jj] (3.14)
where a is sensitivitycoefficientand L is the thicknessofthe film.
3.2 Experimental Procedure for Sensor Performance Testing
The sensing performance of La-SnOi film was studied by using a testing
equipment called sensor measurement rig. Figure 3.2 shows the schematic diagram of
the experimental rig set up when canying out the testing. The major equipment used
included purified air tank, ethanol tank, mixing chamber, control valves, heater,
electrometer, computer and controller.
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Figure 3.2: Schematic diagram ofthe gas sensor measurement rig.
Electrical Resistance Measurement with Variation of Ethanol Concentration and
Operating Temperature
1. In the heater, the pellet ofsensor was clipped by a pair ofcopper clippers which
are connected to electrometer.
2. The heater was set to temperature of 150°C and a thermocouple was used to
measure the temperature inside the heater.
3. Theinlet purified airvalve was opened andthe flow rate wasset to BOOcmVmin.
4. The inlet ethanol valve was opened and the concentration was set to desired
concentration of ethanolwhich is controlledby the massvalve controller.
5. A computer which is equipped with Xlogger software was connected to die
electrometer was used for data acquisition, storage and plotting in real time for
the analysis ofsensitivity ofgas sensor.
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6. After the operating temperature reaches steady state, constant voltage of5Vwas
supplied.
7. The DC resistance ofgas sensor was measured for every second byelectrometer.
8. Thedatacollected wastransferred into theXlogger software and saved.
9. The sensitivity analysis of the sensor for each set of experiment was calculated
automatically in the software.
10. The pellet was left in the flow air for 10 minutes before changing to the next
operating temperature ranging from 150to 400°C.
11. The experiment was repeated for different set of ethanol concentration ranging
from 200 to lOOOppm as shownin Table 3.1.
Table 3.1:Fivesets of experimentby manipulatingthe concentrationof ethanol
and operating temperature.
Setl
Concentration ofEthanol: lOOppm
Operating; Temperature (°C)
150
200
250
300
350
400
Set 2
Concentration ofEthanol: 400ppm
Operating Temperature (°C)
150
200
250
300
350
400
Sets
Concentration ofEthanol: 600ppm
Operating Temperature (°C)
150
200
250
300
350
400
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1Set 4
Concentration ofEthanol: SOOppm
Operating: Temperature (°C)
150
200
250
300
350
400
Sets
Concentration ofEthanol: lOOOppm
Operating Temperature (°C)
150
200
250
300
350
400
3.3 Polymath Nonlinear Regression
Polymath is a computational system which includes a variety of programs by
applying numerical analysis methods. The results are displayed graphically which is for
easy understanding andintegration intopapers or reports. Nonlinear regression involves
a general mathematical model with the form asy = f(Xi,X2, ciq, a2,...»Om)}
where aQ, a^,a2,, dm regression parameters to a set of N tabulated values of
Xi, X2,...,Xji (independent variable) and y (dependent variable).
The experimental data points are pasted into the data table of Polymath. The
non-linear expression is entered into the entry box of model. After entering the model,
initial guess need to be done for Uq, Ea, k and E^. For moderately nonlinear models, the
program will try to find the best parameter values to fit into the model even though the
initial estimates may be poor. When the 'Graph' option is marked, a graph showing the
calculated points and experimental points is displayed. When the 'Residuals' option is
marked a graph showing the deviation between the actual points and the calculated
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points from nonlinear model. When the 'Store Model in column' is marked, the
calculated parameters from the nonlinear regression model is tabulated in a new column
in Data Table. When the 'Report' option is marked, a report showing the regression
model, numerical values, confidence interval, precision and other information is
displayed. After all the required information are marked, the arrow is clicked to rqn the
regression and generate the requested output.
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CHAPTER FOUR
RESULT AND DISCUSSION
4.1 Introduction
The difftision mechanism on mesoporous tin dioxide (SnOa) as gas sensor in
detecting ethanol vapor has been carried out. In this chapter, the effect of various
ethanol concentration and temperature on the sensitivity of gas sensor were studied.
Here, the effect ofboth the parameters on sensitivity were be simulated by using the
model created and compared with the experimental result. Next, sensitivity analysis
based on the film thickness and pore radius ofgas sensor was done by using the model
created.
4.2 Dependence of Sensor Sensitivity on Various Gas Concentration
Astudy on sensitivity ofgas sensor with variation ofethanol concentration (200,
400, 600, 800 and lOOOppm) was performed. Figure 4.1 displays theexperimental result
of sensitivity versus various ethanol concentration achieved by 5wt. %La-Sn02 gas
sensor. This was achieved attemperature of300°C as itwas reported that the La-doped
Sn02 sensor exhibits highest sensitivity towards ethanol at the particular sensing
temperature (Ang et al, 2011). As seen for the detection of ethanol, the sensor showed
an increasing trend of sensitivity with the increasing of ethanol concentration at fixed
temperature. Thiswas in good agreement withthe research done by Ahlers, Mtiller et al.
(2005) in studying gas response ofa compact tin oxide film to carbon monoxide for up
to 300°C.
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Figure 4.1: Effect of variation of ethanol concentration at 200,400,600,800 and
lOOOppm on sensitivity of gas sensor obtained from experimental result.
Table 4.1: Values of parameters and constantsobtained from experimentto be
substituted into equations.
Symbol
R
L
r
Description
Universal Gas Constant
Film Thickness
Pore Radius
ValueAJnit
8.314J/mol.K
1mm
4.5imi
M MolecularWeightofDiffusing Gas 46.07g/mol
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By applying Equation 3.14 with the parameters known in Table 4.1, the
sensitivity ofgas sensor is calculated and the graph ofsensitivity ofgas sensor against
ethanol concentration is plotted as shown in Figure 4.2. However, by using polymath to
compare the experimental result and calculated result, it shows that which indicates
how well the data points fits a statistical model is 0.76. Therefore, the relationship
between the sensitivity of gas sensor andthe various concentration of ethanol could not
be satisfactory fit into the model created.
^ 1.5 -
200
Sensitivity of Gas Sensor Against
Ethanol Concentration at 300°C
400 600 800
Concentration of Ethanol (ppm)
1000
Figure 4.2: Effect of variation of ethanol concentration at 200,400,600,800 and
lOOOppm on sensitivity of gas sensor obtained from model.
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Figure 4.3: Polymath result by comparing the experimental and calculated values.
A modification of the equation was done by introducing Thiele Modulus which
compares the surface reaction rate to the rate of diffiision into Equation 3.14. Thiele
Modulus is suitable to be introduced into the equation because both the surface reaction
rate and diffusion rate are taken into account in mechanism of gas sensor(Fogler, 1999).
5 = ^^=1 + ccCas tanh[L (# (4.1)
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After modification of equation, tlie model is entered into the polymath to
compare again the experimental result and calculated result. It is shown that the
increases fi-om 0.76 to 0.92. Therefore, the model to study the relationship between the
sensitivity of gas sensor and various gas concentration which is used to validate the
experimental result has been improved significantly.
S 2.0 -
Sensitivity ofGas SensorAgainst
Ethanoi Concentration at 300®C
200 400 600 800 1000
Concentration of Ethanol (ppm)
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(Experiment)
•Sensitivity
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Figure 4.4: Polymath result by comparing the experimental and calculated values
after equation was modified.
Table 4.2: Parameters and constants solved by Polymath
Symbol Description • ValueAJnit
Pre-exponential Constant 2.99
Ea Apparent Activation Energy (Gas Dependent) 23.21kJ/mol.K
ko Pre-exponential Constant 3.16
Ek Activation Energy (Temperature Dependent)
-244.62kJ/mol.K
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4.3 Dependence of Sensor Sensitivity on Operating Temperature
A study on the effect of various operating temperature (150, 200, 250, 300, 350
and 400°C) on the sensitivity of gas sensor was carried out. Figure 4.5 shows the
experimental result of sensitivity versus various ethanol concentration achieved by 5wt. %
La-Sn02 gas sensor. A rapid increase in the sensitivity of gas sensor was observed as
the operating temperature was increased to 300°C andreached a maximum. Thereafter,
the adsorption and diiHusion of ethanol vapor in the mesoporous gas sensor will reach
an equilibrium whereby further increase of operating temperature will lead to a decrease
in sensitivity. The sensitivity of gas sensor is found to be optimum at about 300°C. A
bell-shaped curve is therefore obtained. This was in good agreement with the research
done by previous researchers, Sakai, Matsunaga et al. (2001).
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Figure 4.5: Effect ofvariation ofsensor operating temperature on sensitivity at 200,
400,600,800 and lOOOppm obtainedfrom experimental result.
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By using Equation 3.14 with parameters stated in Table 4.1, the sensitivity of
gas sensor against various operating temperature was plotted as shown in Figure 4.6.
However, by using Polymath to compare the experimental result and calculated result
for each different set of ethanol concentration, it shows that which indicates how
well the data points fits a statistical model was negative value. It means that the
relationship between the sensitivity ofgas sensor and the various operating temperature
could not be satisfactory fit into the model created.
w 1.0
Sensitivity ofGas Sensor against Operating
Temperature
150 200 250 300 350 400
Operating temperature (°C)
200ppm
^^400ppm
600ppm
—SOOppm
-•-lOOOppm
Figure 4.6; Effect ofoperating temperature ranging from 150 until 400oC on
sensitivity of gas sensor obtained from model.
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Figure 4.7: Polymath result by comparing the experimental and calculated values
for ethanol concentration at 200ppm.
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Figure 4.8: Polymath result by comparing the experimental and calculated values
for ethanol concentration at 400ppm.
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Figure 4.9: Polymath result by comparing theexperimental and calculated values
for ethanol concentration at 600ppm.
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Figure4.10: Polymath result by comparing the experimental and calculated values
for ethanol concentration at SOOppm.
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Figure 4.11: Polymath result by comparing the experimental and calculated values
for ethanol concentration at lOOOppm.
Therefore, the modified equation, Equation 4.1, was used to compute the
sensitivity of gas sensor at various operating temperature for each set of different
ethanol concentration ranging fi"om 200 to lOOOppm. Nevertheless, the result shown in
Figure 4.12 implied thattheeffects of operating temperature onsensitivity ofgas sensor
could not be satisfactory fit intothe modified model. This is because the trend shows a
straight line at value 1 instead of a bell curve and the from Polymath were in still
negative value. It can be claimed that the model does not suit to be simulated for
variation ofoperating temperature.
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Figure 4.12; Effect ofoperating temperature ranging from 150 until 400®C on
sensitivity of gas sensor obtained from model.
4.4 Creation ofNumerical Model Using Polymath
Numerical model for concentration and temperature-dependent behavior of the
gas sensor was simulated. Non-linear regression is selected. The model entered into
Polymath describes the relationship between two input manipulated variable, gas
concentrations and temperature with sensitivity ofgas sensor. Pre exponential constants,
QTo and ko together with activation energy, Ea and Ek were determined using Polymath
after initial guess is estimated. The experimental data is input into the data table ofthe
Polymath and the results are generated to compare the experimental data with the model.
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4.5 Sensitivity Analysis
Sensitivity analysis is defined as the study of how uncertainty in the output of a
model can be apportioned to differentsourcesof uncertainty in the model input (Saltelli
et ol, 2004).By doingthe analysis, the analystcan determine how the changes in input
variable will affect the target variable. Here, using the model created, two input
parameters which are film thickness and pore radius are simulated to determine their
relationship withthe output of themodel, sensitivity of gassensor.
4.5.1 Effect of Variation ofFilm Thickness on Sensitivity
From the modeling result obtained as shown in Figure 4.13, the sensitivity
increased as the filmthickness decreased at operating temperature of300°C. The profile
is a logical and expected result. It is noted that the interactions between the target gas
and the surface ofthe sensors dominant in determining the sensitivity ofthe metal-oxide
semiconductor gas sensors (Chang et al, 2002). Therefore, the trend of this profile
explained that as the film thickness becomes closer to the thickness of electron-
depletion region which is known as space-charge layer, the sensitivity of sensor
increases(Park et al., 1998b). In other words, the decrease of film thickness leads to
deeper penetration of oxygen onto theadsorption site and hence the interaction between
adsorbed gases and surface of sensor becomes stronger.
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Figure 4.13: Sensitivity analysis based on film thickness ofthe gas sensor.
4.5.2 Effect ofVariation ofPoreRadius on Sensitivity
Based on the result generated by using the model as shown in Figure 4.14, it is
realized that the sensitivity ofgas sensor increased with the increasing ofpore radius at
fixed temperature of300°C which is in line with the previous result done by researchers.
This phenomenon can be well explained by using Equation 3.7, Knudsen diffusion
coefficient.
4r
Du= —
2RT
nM
At fixed temperature, the larger the pore radius, the larger the value of Knudsen
diffusion coefficient which improve the gas profile inthe pores. This indicates that the
amount oftarget gas diffused through the pores increased and caused a change in the
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conductivity of the mesoporous film (Abburi and Yeh, 2012). Therefore, thesensitivity
of sensor increases with an increase in pore size.
Sensitivity at Various Pore Radius
.C 2.0
/ / / /
Pore radius (m)
Figure 4.14: Sensitivity analysis based on pore radius.
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CHAPTER FIVE
CONCLUSIONAJ® RECOMMENDATIONS
5.1 Conclusion
This present study is to develop a gas diffusion mechanism model on
mesoporous tin dioxide, SnOa gas sensor in detecting ethanol vapor and explain the
dependence of two parameters which are various ethanol concentrations and operating
temperature with the sensitivity. The model was also solved under steady state
condition and governed by Knudsen diffusion constant and Arrhenius equation. The
Knudsen diffusion is determined by pore radius, r, universal gas constant, R,
temperature, T and molecular weight of target gas, M. Arrhenius equation shows the
dependence ofreaction rate constant on temperature and first order reaction activation
energy.
Based on the gas diffusion model, the ethanol diffuses through the mesoporous
structure ofgas sensor. Knudsen diffusion is suitable for the pores ranging from 1or2
to lOOnm (Sakai et al, 2001). Therefore, the mechanism ofgas diffusion is believed to
be controlled by Knudsen diffusion constant as the pores radius is 4.5nm in this study.
The gas diffusion model was developed and verified by various ethanol
concentration ranging from 200ppm to lOOOppm. With temperature at 300°C, the
experimental data shows that the sensitivity increases gradually when the gas
concentration increases. Based on the equation model, it shows that the sensor
sensitivity increases linearly with the gas concentration. However, the which
indicates how well the data points fits a statistical model is 0.76 which is still not
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satisfactory. Therefore, a modification of the equation model was done by introducing
Thiele Modulus which considers both surface reaction rate and diffusion rate in
mechanism of gas sensor. Aftermodification, it is clearly seen that R-increased to 0.92.
It indicated that the experimental data is well-suit to the model developed. This
phenomena concluded that at operating temperature of 300°C, the sensitivity increases
with gasconcentration which matches with theexperimental data collected.
The gas diffusion model was simulated byvariation of operating temperature in
this study. Based on the experimental data, it is shown that a bell-shaped curve is
obtained whereby the sensitivity of gas sensor increases with operating temperature
until it reach equilibrium and decreases with further increase of the optimum
temperature. However, from the gas diffusion model, the experimental data cannot be
validated as is far below the satisfactory status. It canbe concluded that the model to
study the dependence of sensor sensitivity on operating temperature does not match the
validityofthe experimental data collected.
Next, sensitivity analysis was done to determine how the variation in film
thickness and pore radius will affect the sensitivity of gas sensor. Using the model
created, the two input parameters as stated previously were simulated. Based on the
modeling result gained, it is shown that the sensitivity increased as the film thickness
decreased at operating temperature of300°C. The decrease inthe film thickness causes
deeper diffusion ofoxygen onto the adsorption site and hence strengthen the interaction
between the target gas and the surface of sensor. Besides, by manipulating the pore
radius in the model, it is noticed that the sensitivity of gas sensor increased with
increasing pore radius at fixed temperature of300°C. This can be well explained by the
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equation of Knudsen diffusion coefficient, Dk. When tlie pore radius increased, the
value ofKnudsen diffusion coefficient increased. Therefore, it signifies that the amount
ofgas diffused through the pores increased and caused achange in the conductivity of
the film (Abburi and Yeh, 2012).
5.2 Recommendations
There are afew recommendations for further study and research stated as below.
1. The gas diffusion model developed is validated with sensor's experimental data
at temperature ranging from 150°C to dOQoc and concentration ranging from
200ppm to lOOOppm. Further work is needed to study the model validity for
higher operating temperature and gas concentration.
2. Further assumptions and relationship need to be considered in modifying the gas
diffusion model in order to improve which shows how well the data fit the
model to be as closeas value 1.
3. Since some approximations were made in developing the model, it should be
adjusted to fit into the real situation by means ofmore experimental work.
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